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Fatuoids land Aherrants in A vena 

In the course of in'festigations relating to the production, of new 
^ and improved varieties of oats at the Welsh Plant-Breeding Station, 
Aberystwyth^ large numbers of hybrid plants, the offspring of iirtilicially 
produced crosses, and pure line plants of a number of varieties and specie^s 
of oats have been studied by the writer. Although primarily iiivn^stigated 
, in relation to certain prescribed Aaracters of ^economic or systcmati(j 
value, search at the same time was made for the appearance of indi- 
viduals possessing mutant characters, such as those of the false wild oats, 
and for unusual characters or char^oSr combinations. 

In the examination of material of this kind the occasional appearance 
of fatuoids or false wild oats was to be anticipated. Such forms havi ^^ 
generally been observed by most investigators engaged in tlie study of 
cultivated varieties of oats. They are of general occurrence in the majority 
of the varieties of the species Avena saliva L., and are found also in certain 
varieties of the species A. sterilis culta (Marquand). 

A certain number of individuals, however, were fpund which showed 
slight deviations in awn development, pubescence and articulation from 
the true false wild type, and also one form which showed differences in 
spikelet number in association with fatuoid grain characters. Details of 
the occurrence, morphology and genetical behaviour of these several 
kinds are the subject of the present paper. 

I. FATUOIDS OR FALSE WILD OATS: GENERAL CHARACTERISTICS. 

The common fatuoid differs from the normal plant of the variety in 
which it occurs in three main characters of the grain, namely, in articula- 
tion, pubescence, and awn development. All grains of the spikelet, 
primary, secondary and4ertiary, are characterised by the presence of a 
horseshoe-shaped articulation at. the base, in the form of a sucker- 
mouth,” the development of which causes the grain to shed readily \vhen 
ripe. The callus forming the horseshoe prominence is fringed laterally and 
dorsally with dense, tufted pubescence, forming a kind of pappus; tlic 
rachilla i«s densely pubescent and a strong, twisted and geniculate awn is 
invariably present on all grains of the -spikelets (see Plate I, figs. 11 and 
16; also Plate II, fig. 22 {d)). In other morphological characters, botli 
vegetative and reproductive, fatuoids'are identical wth the varietic^s in 
which they arise. The three main distinguishing features of the fatuoid 
grain have been found to behave in inheritance as a completely linked 
group. When crossed with grain of normal type (see Plate I, fig. 12 and 
Plate II, fig. 22 (c)) the segregates fall into three classes or genotypes, 
namely, homozygous fatuoid, heterozygous fatuoid and homozygous 
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normal, and these generally occur in the numerical ratio of 1: 2 :1 
respectively. Genetically, therefore, fatuoids differ from normals by a ** 
single factor, or by a cojgipletely linked group of factors. 

II. THE LITERATURE|OE THE SUBJECT AND GENERAL RfiVIEW. 

Since our knowledge of fatuoidS has recently been, reviewed by * 
Husldns and Fryer (12) and also by Stanton, Coffman and Wiebe(20), only 
a few of the chief points will b€v.considered here. 

Most of the literature dealing witl^ fatuoids relates to their occurrence, 
their characteristic deviation from the normal, and the general mode of 
^^/^aheritance of the deviating characters. Investigators in general are 
agreed that fatuoids ogg-^x, initially, in the heterozygous form, and that 
the fully developed fatuoid does not appear until the following genera- 
tion. Marquand(i7) obt^ned a fatuoid which arose at once as a fully 
developed homozygous individual, but this appears to be an exceptional 
mode of occurrence 

Opinions differ widely as to the cause of the sudden appearance of 
heterozygous fatuoids, and the problem of their ‘'mode of origin’’ has 
been, and continues to be, the main point of controversy and investi- 
gation. 

The agreement in articulation, pubescence and awn character between 
fatuoids and the true wild oat. A, fatua, and the similarity in breeding 
behaviour in respect of these characters when the two kinds are crossed 
with normal, or cultivated oats, are interpreted by Tschermak(22,23), 
Zade (26), Crepin (3, 4, 5) and others as an indication of the origin of fatuoids 
by natural crossing between the cultivated variel^ies and A. fatua, 

Nilsson-Ehle (18), however, disagrees with tfais interpretation, and 
maintains that fatuoids arise by a change within the mother plant itself, 
namely, by complex gene mutation in one of the germ cells; and this 
view until recently has received fairly geigeral support. 

More recently, however, a^new hypothesis, based upon evidence of a 
cytological and genetical character, has been advanced by Huskias(i4, 15), 
who found that fatuoids arise “neither by crossing between A. sativa and . 
A. fatm, nor by gene mutation as previous writers have believed, but by 
chromosome aberraiion.” On this*hypothesis the common heterozygous 
fatuoid originates by the loss of the “normal” or '^saliva'' chromosome, 
and of its^substitution^by a supernumerary ^^fatua'' or “fatuoid” 
chromosome in one of the germ cells — ^the actual chromosome numbers 
remaining unchanged. 

In addition to the common fatuoid type, Huskins investigated two 

. 1 - 2 ' 
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exceptional strains wHich differed in breeding behaviour and other 
features from the common type. In these two strains the segregation 
ratio was highly variable, and in different daughter progenies ranged 
from 1:1: very few, to 1 : 10 : very few, normal : intermediate : fatuoid 
respectively. In both strains the f atuoids were dwarf and sterile, as well 
as few in number. ^ r 

These two exceptional strains were of separate varietal origin. One 
arose in a head selection plot of Victory pats (A. sativa), and the other in 
a plot of the variety Kanota (A. culta). In both cases the initial 

and subsequent heterozygotes were similar in^ vigour and external 
characters to common heterozygous f atuoids. * m 

From cytological studies of both the commpn and exceptional types 
Huskins defined three series or groups of fatuoids— which he termed 
A, B and 0 series respectively — ^the main characteristics of which are 
as follows : 

A series. Segregation occurs in the approximate ratio of 1:2: 1, 
all segregates are of equal vigour and normal chromosome complement 
(2^ — 42), but pairing of the chromosomes in meiosis is less regular than 
in normal A. varieties. 

B series. The segregate classes appear in ratios varying from 1 : 5 to 
1 : 10 normals and heterozygotes respectively, plus a few sterile and 
dwarf fatuoids. The normals, heterozygotes and fatuoids respectively 
possess 42, 41 and 40 chromosomes, and cytological conditions are 
extremely irregular. 

0 series. These give ratios of 1 normal to 1 heterozygote plus a few 
sterile and dwarf fattfoids; occasionally give ratios of 1:2:1. The 
fatuoids have 44 chremosomes, normals 42 and heterozygotes 43. 
Meiotic divisions are very irusegular. 

The great majority of fatuoids belong to the A series group, for only 
three examples are on record of the occurrence of individuals showing 
chromosome deviations, abnormal segregation, dwarfness and stc^rility 
typical rf the B and 0 series types. Two of t^hese are those described by 
. Huskins (14) and already referred to above, whilst the third was obtained 
by Goulden(io) in the variety Banner. In this particular strain fatuoids 
and heterozygous fatuoids segregated in about eq^al numbers, while 
only a few normals appeared. The fatuoids were dwarf and sterile, but 
the members of the two other classes were norn^l in fertility and stature. 
This fatuoid type differs rather strikingly in its class ratios from those 
studied by Huskins, and in this respect does not conform fully to either 
the B ox C series groups. 
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Stanton, Coffman and Wiebe(20), from a study of the mode of occur- 
rence and genetics of a number of fatuoid forms, all apparently of the 
A series type and beloi^ing to distinct varietal strains, also conclude 
that fatuoids arise by chromosome aberration. They maintain that the 
fatuoids which occur in !]|ulghum and Burt (varieties of A. sterUis culta) 
differ genetically from thgse occurringfn varieties of the species sativa. 

There are therefore three main hypotheses in explanation of the mode 
of origin of the A series fatuoidg^ namely: 

(1) Natural crossing. • 

(2) Complex gene mutation. 

(3) Chromosome aberration. 

The latter hypothesis also^ applies to fatuoids of the B and C series groups. 

III. MATERIAL AND METHODS. 

m .. 

The present survey relates to spaced plants, plant rows and com- 
mercial plots of cats grown at the Welsh Plant-Breeding Station, 
Aberystwyth, during the years 1923-7. Most of the aberrant types dis- 
cussed in this paper were discovered by the writer in hybrid generations 
derived from artificial crosses between varieties of A. sativa and strains 
of the species A, sterilis culta and A. nuda. Some were obtained in plots 
of commercial oats, of both foreign and native strains, more than a 
hundred varieties of which were grown and examined during each of 
three successive growing seasons. For some of the specimens, however, 
the writer is indebted to Mr Martin 6. Jonesh 

When mutant plants were observed in the field, search was made 
within the plot or family group for any other abnormal plants which 
might be present. At harvest time the aberraagt plants were removed 
individually, their number recorded and notes taken on their particular 
grain characters. The following year the seeds from each individual plant 
were sown in beds, generally in a bird-pr<jof cage, the individual grains 
being spaced at regular intervals. Seeds of the normal strain were sown 
on a similar plan alongside,^ when necessary for comparative study. In 
some cases, however, the seeds were not spaced but were distributed 
uniformly in short plant rows: this j)ractice was adopted in some of the 
earlier studies. ^ • 

Where the mutant types were obtained in threshed samples of grain, 
the aberrant individuals ^ere removed singly and sown as spaced grains ; 
and if both heterozygous and homozygous mutant grains were present, 

^ Eormerly agronomist, Welsh Plant-Breeding Station, now of Imperial Chemical 
Industries Limited. 
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and distinguisliable, a grouping on this basis was made before the in- 
dividual seeds were sown. 

Artificial hybridisations between the respec^tive strains were carried 
out in a cool greenhouse. Of the individual plants used for crossing, at 
least one good tiller was allowed to ripen to pijovide seed from which to 
raise line progenies for later comp&ison with tjie hybrid generations. 

In the earlier investigations of the and F^ material of the artificial 
hybrids the seeds were sown in situ, buVthis procedure, owing to various 
pests attacking the young seedling, ^frequently resulted in heavy casu- 
alties and in irregular plant establishments. In most of the later studies, 
therefore, and whenever number and length of culms and spikelet nunibejifca^^^ 
were being critically studied, the J'g were^sown in boxes in a green- 
house, and the seedlings later planted out at uniform spacings in a bird- 
proof cage. This procedure, while more laborioijts, gave satisfactory plant 
establishment. , 

Inheritance studies with fatuoids, anjd also with certain of the strongly 
awned types, give rise to practical difficulties owing to the ease with 
which the grains shed when ripe. With adverse weather conditions at 
the time when the plants are approaching maturity it was a frequent 
experience to find much, if not all, of the grain lost through shedding. 

In such instances, the growing of F^ families and line progenies of the 
homozygous mutant segregates in adequate numbers for genetical re- 
quirements was a matter of much difficulty, and often of practical 
impossibility. 

IV. ABERRANT GRAIN TYPES: THEIR OCCURRENCE 
AND GENERAL MORPHOLOGY. 

(a) FaTUOID^ IN ESTABLISHED VARIETIES. 

Nine varietal strains of fatuoids met with appeared in established 
varieties of oats. Five were observed in the year 1923 in the varieties 
Fulghum, Orion, Ceirch-du-hach and Royne; one the same year in the 
species A. nuda; one in*1926 in the variety ^Cornellian, and two in 1927 
in the varieties Golden Giant and Record respectively. With the ex- 
ception of Fulghum (A. sterilis cdta), Golden Giant (A. saliva orienhilis) 
and aI. all the strains belong te the species A saZwo. 

The Orion, Ceirch-dn-hach, Scotch Potato and Royne fatuoids were 
discovered as individual grains in threshed spiples obtained from ex- 
perimental plots of these varieties which had been grown from seed of 
the ordinary commercial kind. 

The fatuoids of Fulghum, Cornellian, Golden Giant and Record, on 
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the other hand, were first observed in plots growing in the field. In each 
instance only single plant specimens were obtained— except in the case 
of Pulghum, of which s^igle specimens were found in each of two beds 
during the same growing season. Although careful search was made in 
the beds in which the f^uoids were observed, no plants of the hetero- 
zygous type could on ar^ occasion bff found. ^ 

The fatuoid of A, nuda occurred in the line progeny of one of a few 
plants of this species which ha^been grown in pots the previous season 
for hybridisation purposes. The (Tff^ring of this particular individual 
showed segregation for the characters hulled and hull-less, fatuoid and 
./^on-fatuoid, and for black, grey and white colour of grain. Such complex 
segregation at once distinguished this type from all the others and pointed 
to its possible occurrence through natural crossing, probably by stray 
pollen from some black-grained fatuoid plant. 

The fatuoid of Golden Giant, however, is of special interest, owing 
to the fact that th#» type variety, unlike the type varieties of the other ' 
strains, possesses a panicle of unilateral character and leaves which are 
all eligulate, characters which contrast strongly with the spreading 
panicle and ligulate leaves, characteristic of the wild oat, A.fatua. The 
Golden Giant fatuoid nevertheless agreed with its parent stock in being 
unilateral and eligulate. The grain of this form is fully yellow in colour 
as in the type variety^ 

Of the several fatuoids considered above, all except A. nuda difier 
from the parent strains only in articulation, pubescence and awn develop- 
ment; whilst in vigour, as judged by height of plant, they appear to be 
in every way similar to their respective normal stocks. In so far as these 
attributes are concerned, these several fatuoid st^pins agree with typical 
A series fatuoids^. They are, however, divisible into two classes, or types, 
on the basis of the length of the pubescence on the callus. In Fulghum, 

* Orion, Ceirch-du-bach, Scotch Potato, Royne and nuda the basal 
hairs are long, from 3~4 mm., whilst in Gornellian, Gulden Giant and 
Record the hairs are distinctly short, being onlj^l mm. or less in length 
(see Plate I and compare figs. 14 and 15). These difierences, as will be , 
shown later, are due to a factor modifying length of pubescence which is 
inherited independently of the fatuoid complex. 

In general characteristics, however, all these fatuoids are of the 

1 In this respect it differs from the fatuoid of the yellow -grained variety Golden Rain, 
previously described by the writer (16), in which the yellow colour is practically completely 
absent from the grain of the heterozygous and homozygous phenotypes, and appears only 
in the normal segregates. ’ 

^ Huskins’ classification (15). 
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common, or A series, type. Further investigations and detailed and com- 
parative studies of length and number of culms, number of spikelets per 
plant, and other plant characters have been^ made with normal and 
fatuoid plants of the variety Fulghum. These data are recorded and 
discussed in a separate section below (see pp^ 28-34). Similar investi- 
gations are in progress on the fatu€^ids and norn|,als of the varieties Orion, 
Cornellian and Scotch Potato respectively; the observations relating to 
these will be published in a later paper,^ 

ff ^ 

(b) Fatuoids in artificial hybrids. 

Several homozygous fatuoids, apparently of the series group, 
found in the progeny of various artificial crosses. They occurred in one 
F^family of the cross President x Pioneer (4. 

in two Fg families of Victory (^. saliva) x Red Algerian (^4. sterilis ctdta) ; 
and in Fg, and F^ families of crosses between Red Algerian and 
Scotch Potato (A. saliva). It will be observed thafeall, except the first 
named, are inter-specific crosses between varieties of the species A, saliva 
and A, slerilis culta. 

In all these examples, however, heterozygous fatuoids were present 
in conjunction with the homozygotes when these were first observed to 
occur. This point is important in that it would seem to indicate the 
occurrence of the initial aberrant plant as a heterozygote in the genera- 
tion immediately preceding that in which the homozygous fatuoids 
appeared. Such a view receives additional support from the fact that 
the families in which the fully-formed fatuoids occurred were comprised 
of fatuoid, intermediate and normal plants in numbers approximating 
to a simple Mendelian satio. 

When heterozygous fatiuoids arise in segregate material it is often 
very dijfficult, and occasionally impossible, to decide whether such forms 
have, or have not, arisen by cross-pollination with some fatuoid in the 
immediate vicii^ty of the hybrid. In contrast to fatuoids arising in pure 
line varieties, the general similarity of the*^ fatuoid to the parent stock in 
^ respect of non-fatuoid characters does not here obtain, for the mother 
plant is frequently already heterozygous to a greater or less degree. When, 
however, other plant characters of an unexpected J[dnd appear in con- 
junction with the fatuoid characters, the possibility of their simultaneous 
introduction through matural crossing, rather than by any inherent 
germinal change within the mother plant itsel£^ lias to be borne in mind. 

That certain of the fatuoids mentioned above were the outcome of 
natural crossing is suggested by the fact that in Fg ea? Victory x Red 
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Algerian (wMte- and bnff-grained varieties respectively) tliree out of 
300 segregates kad grain wkick was black in colour. Black being dominant 
both to wkite and to bu#, tkese three plants were at once suspected of 
being natural kybrids. In tke next generation it was found that they 
segregated for colour of grain into black and non-black pkenotypes in 
approximately three of the former to 8ne of the latter, and, moreover, in 
two of the progenies there also occurred segregation into fatuoids, inter- 
mediates and normals. It is clear, therefore, that in these two instances 
the mother plants were hybrid for 1)ofh black colour and fatuoid type of 
grain, and that very probably the factors for both these characters were 
^.rimultaneously introduced by chance cross-pollination of the mother 
plant with pollen from Bgme black-grained fatuoid oat. The occurrence 
of black-grained jFi plants of the cross Sir Douglas Haig fatuoid x normal 
growing near-by suggests^ that these three aberrant individuals probably 
originated by natural crossing through stray pollen from this source. 

The origin of the» other fatuoids, however, cannot be attributed to the 
same cause. In general, they appeared to differ from their sister segre- 
gates only in the occurrence of the fatuoid or heterozygous fatuoid 
characters of the grain. 

In the case of the fatuoid which occurred in the family of Red 
Algerian x Scotch Potato, the mother plant was true-breeding in relation 
to size, colour and general characters of the grain and for equilateral type 
of panicle, and the fatuoid resembled the parent plant in all these features. 

In respect of the other examples (all white-grained fatuoid forms) no 
fatuoids possessing white colour of grain, or hybrid for white grain colour, 
were present in the neighbourhood of the mother plants from which these 
forms arise; it is, therefore, difficult to see how iratural crossing could in 
any way have been responsible for the origifi or occurrence of these.. 

Hence, while some of the above-mentioned fatuoids arose through 
natural crossing with other fatuoid plantg, the majority have probably 
arisen by some change within^ rather than without, thg& mother plant; 
for in practically all cases they show close agreement with the general 
characteristics of the mother plant stocks. > 

(c) A ''SUB-BATUOm’’ TYPE. 

In 1924 five plants which possessed promising economic characters 
were selected from an ^naily (265 Gn 199)^ ew Red Algerian x Golden 
Rain. The following spring, seed from each of these was sown in separate 
plant rows for further study. When harvested, and later analysed in the 
^ Station reference symbols. 
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laboratory, one of the plant rows was found to consist of 14 panicles 
bearing grain of a peculiar ''sub-fatuoid’’ or ''semi-steriloicr’ type, and 
36 panicles bearing grain of either normal or intermediate type. The other 
plant rows contained only plants bearing normal grain similar to that 
possessed by the original selected mother plants. No differences in grain 
characters had been noted between the five original mother plant 
selections. 

The spikelet and grain features of this new form are illustrated in 
Plate II, fig. 21 (6) and Plate I, fi^s. l-b, where it will be seen that the 
spikelet articulation (see Plate I, fig. 1) closely res^embles that common to 
A series fatuoids, but the articulation of the floret differs in a markeiUs^ 
and characteristic manner. On casual examination the ripe spikelet, 
with its closely adhering secondary and tertiary grains, appears to 
resemble a true steriloid: but when the individual grains are closely 
examined and pulled apart, the apex of the rachilla on its inner side is 
seen to possess an oblique cleavage plane of the fatuoid type wliicli, 
however, is only partially developed (see Plate I, fig, 4). This latter 
feature causes the floret to remain adherent in the spikelet and prevents 
the secondary and tertiary grains from falling apart when mature, thus 
producing a false steriloid type of spikelet. By applying slight bending 
pressure to the rachilla, a fracture generally occurs in the region of the 
partially developed cleavage plane, and a partially dev(^loped ‘Miorse- 
shoe’’ articulation, with its characteristic cavity, comes into view (see 
Plate I, fig. 5). This kind of floret conjunction is characteristic of all the 
upper grains of the spikelet, whether the latter consists of two, three or 
more grains. 

In the spikelets of some panicles, however, the pulling apart, by hand, 
of the secondary grains restflts in the fracture of the rachilla at its l)ase, 
as in A. sterilis cuUa (see Plate I, fig. 1). In these, however, the cleavage 
plane is more rudimentary. F:p.om inspection of a large number of grains, 
slight fluctuating variations in the degree of development of tlie cleavage 
surface have been noticed, but no examples Iji^ve been found in which the 
cleavage has developed to the extent characteristic of the true fatuoid 
grain, nor, on the other hand, is the cleavage plane ever entirely missing. 

As in typical fatuoid oats the basal callus andrrachilla carry dense 
pubescence, that on the rachilla being medium long (1-3 mm.), wliiist 
that on the callus is short (about 1 mm.). The occurrence of a fully 
developed horseshoe-shaped articulation at the base of the primary grain, 
however, causes the spikelets of this oat, like those of the common 
fatuoid, to shed freely when ripe. 
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The occurrence of partial articulation surfaces or planes of cleavage 
at the apices of the rachillae, and of a strong, twisted and geniculate awn 
on all grains of the spikel^^t, indicate a closer affinity to a fatuoid than to 
a ''steriloid’’ type of grain; for these reasons this mutant form has been 
designated '^sub-fatuoid’| rather than ''sub-steriloid,’’ or ‘'steriloid.” 

Initial breeding study\$ In 1926, see^Ss of all the normal and the inter- 
mediate, and of one of the sub-fatuoid panicles of the abnormal plant 
row were sown in a field in separate panicle rows. Germinations were 
extremely poor, as judged by the nSmber of seedlings which appeared 
above ground, and during the early part of the growing season the 
•already poor establishment was much reduced by a bad attack of wire- 
worm. A small number of panicles were eventually harvested from the few 
scattered plants which survived, but no panicle rows contained sufficient 
plants to permit of the collection of data with regard to the breeding 
behaviour of the different sorts of panicle. 

The same season?^ two small lots of sub-fatuoid grain, sown for hybrid- 
isation purposes in pots in a cool greenhouse, gave good germination and 
vigorous plants. These all bred true for the fully developed sub-fatuoid 
type of grain. 

In 1927, 97 plants were raised from the collective seed of three of the 
sub-fatuoid plants grown in the greenhouse the previous season, and 
these all gave grain of the homozygous sub-fatuoid type. 

The apparently true-breeding behaviour of the plants bearing the 
sub-fatuoid kind of grain, and the occurrence of homozygous sub-fatuoid 
panicles in approximately simple recessive numbers, in the original 1^4 
family, indicate that the sub-fatuoid oat, like the A series fatuoid, is 
probably a simple homozygous recessive in rektion to the normal or 
cultivated oat. In order to test this point, Kybridisations between sub- 
fatuoid and normal plants were made in 1927. The same year the sub- 
fatuoid was also crossed with a fatuoid of^ typical A series kind^. 

A plant with spikelets very similar to the sub-fatuoid described above 
has been found by Stanton, ^Coffman and Wiebe?20) in the variety Sixty 
(A. sativa). This form, they report, “differed markedly from the 
normal fatuoid, in that its seeds wer^ not dropped immediately on ripen- 
ing and a decided te^idency existed in many spikelets for the florets to 
remain together in threshing as is true with derivatives of Amna sterilise ’ 

This strain is stated by^hem to be intermediate between A, fatua and 
A. but as the minute details of floret adherence and disjunction 

^ The inheritance data relating to the and later generations of these two crosses, 
which are not yet complete, will be published in a later paper. 
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are not given, a critical comparison of the two strains cannot here be 
made. From the published data and photograph, however, the two forms 
appear to have certain features in common, ft 

^ (d) Various strongly awneb types. 

Four distinct types of stronglj^ awned mutg|nts have been discovered 
in the course of this study. For convenience of reference and invevsti- 
gation these have been designated Type^ A, B, C and D respectively. Tlie 
details of these are as follows: c . 

Tyfe A ex A. sativa var, Ceirch-d'^-hacF 

In 1923, a grain sample of an generation of Ceirch-du-bach oats"^ 
was found to contain a number of grains with'^strong, twisted and geni- 
culate awns and dense basal pubescence. These abnormal grain types 
were brought to my notice by Mr M. G. J onesf under whose supervision 
the strain had been developed. On casual observation the aberrant 
grains appeared to resemble fatuoids, but on close examination it was 
seen that they differed by the absence of a definite horseshoe-shaped 
callus formation at the base of the grain (see Plate I, fig. 13, and compare 
with fig. 11). 

In the roughly threshed sample there were a number of two-grained 
spikelets, with the upper and lower grains still remaining intact; from 
amongst these it was possible to distinguish three main kinds of spikelets : 

(1) Those with both upper and lower grains bearing strong, twisted 
and geniculate awns; 

(2) Those with -a strong, twisted sub-geniculate awn on the lower 
grain, but with the upper awnless, and 

(3) Those with botS ugper and lower grains awnless^ (spikelets of 
these three types are shown in Plate II, figs. 20 (a), (6) and (a) respec- 
tively). 

By analogy with fatuoidfs these three kinds should represent re- 
spectively the Ifomozygous mutant, the intermediate and the normal or 
type strain. * ^ 

In addition to these .differences in awn development, associated 
differences in the degree of solidification and pubescence of the base of 
the lower grain, and in the amount of pubescence oil the rachilla were to 
be seen. For example, in (1) a large oval-shaped cavity occurs at the 
base of the lower grain— giving rise to an articulation swface 
effects early release and shedding of the spikelet when ripe; also fairly 

^ Members of this class were later found to give rise to panicles in which an occasional 
lower grain possessed a rather small and slightly twisted awn. 
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dense tufts of moderately long (2-3 mm.) brownisli hairs occur laterally, 
at the base, and hairs are also present on the rachilla (see Plate I, 
fig. 13). In (2) the basal «iavity is much reduced in size, and pubescence 
is reduced to very small lateral tufts and to just a few hairs on the 
rachilla ; whilst in (3) comj]|ete solidification and practically no pubescence 
characterise the grain (seeiPlate I, fi|. i2). 

In all three kinds of spikelets the base of the upper grain is glabrous 
and solidified, and identical with^that of the normal or type strain. The 
upper grains of group (1), however, characterised by the presence of 
a strong, twisted and g^iculate awn. 

Floret separation in all three classes is of the A. sativa type. 

On referring to the descriptive notes of the ‘'head selection’’ from 
which this segregating line was originally developed, and upon seed 
samples of the descendantigenerations, it was found that similar mutant 
and intermediate types of grain were present in the progeny derived from 
the initial head selfction, the grain of which was described as being 
“black, long and slightly awned.” It appears, therefore, that this strain 
of Ceirch-du~bach originated from a plant which, when selected, was 
heterozygous for the mutant characters in question. 

Of the 60 individual heads originally selected for the isolation and 
development of pure line strains of this variety, all except the strain 
under review gave progenies true to type and homozygous for all external 
plant characters. 

Initial breeding tests. In the spring of 1923 preliminary breeding tests 
of the three kinds of spikelets described above were commenced. Thirteen 
two-grained spikelets representing the three classes were taken, and the 
individual grains sown singly in a bird-proof cagr. 

Eight spikelets of class (1) gave 15 plants "t)! class (1) type; one grain 
failed to germinate. 

Two spikelets of class (2) gave two planj^s of class (2) and one plant of 
class (1) type; one plant owing to insect injury failed to p:i^duce panicles. 

Three spikelets of class (4) gave nothing but class (3) type of plants. 

From the initial studies it appears that the two-awned spikelets re- 
present the homozygous mutant genptype, the single awned the hetero- 
zygous mutant, and the awnless the homozygous normal or type strain. 
This conclusion was later verified by growing complete progenies from 
representative plants of the three groups in the following season. 

In external appearance the spikelets of the intermediate or hetero- 
zygous class are practically indistinguishable from those of the hetero- 
zygous fatuoid of this variety. 
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In order to study tie relationship of the Type A mutant to the fatuoid 
oat, reciprocal crosses were made between it and fatuoids, both of the 
black-grained variety Supreme and of the whijje-grained variety Scotch 
Potato.^ 

The "Type A form has also been crossed with a fatuoid of the type 
■ variety (Ceirch-du-bach). 

The genetical data relating to these crosses are recorded and discussed 
under “Hybridisation data” below (see- pp. 40-47). 

r 

Type B ex 1^^ family of Red Algerian X Smtclh Potato 
(A. sterilis culta x A. sativa). 

Auotlier strongly awned mutant referred tq as Type B, wbicli is very 
similar to Type A described above, appeared in an family of the cross 
Eed Algerian x Scotch Potato. This form, ho^rever, differs from Type A 
in one very marked and important taxonomic feature, namely, in that 
the rachilla, after threshing, remains firmly attadied to the apioally 
adjacent grain and not to the subjacent grain. Floret separation in 
Type B, therefore, is of the A, sterilis culta kind. 

Compared with Type A the pubescence on the rachilla is denser and 
more abundant, and in this respect Type B shows close affinity to typical 
fatuoid pubescence. 

Apart from these features of the rachilla, Type B is practically in- 
distinguishable from Type A, It possesses strong, twisted and geniculate 
awns on both primary and secondary grains — the third grains when 
present being awnl^ss—has dense tufts of medium long hairs at the sides 
of the oval-shaped cavity at the base of the lower grains, and the spike- 
lets shed readily when ripe (see Plate I, figs. 6-9, and Plate II, fig. 21 (c), 

Je/o. ; 

This form first appeared in the progeny of one of a number of 
panicle selections of the cros^Red Algerian x Scotch Potato, which had 
been grown onm panicle-to-row basis in ^1925. The total progeny of this 
one particular culture ‘Comprised 21 panicle ; 12 of wlxich had spikelets 
in which both upper and lower grains were strongly awned with spikelet 
articulation only partially solidified,(leaving a cup-like cavity at the base 
of Iffie lower grain), and with dense pubescence at^the base of the first 
grail a.^ on the rachilla; six had spikelets in which the lower grains were 
fairly strmJ?^gly awned whilst the upper were awnless, pu^scence and 
artieul|tion^Sfe®ing of an intermediate character; whilst the three remain- 
ing pam-'^es hai^o^^casional lower grains weakly awned and the upper 
awnless. L\ the laiHp^‘ the raGhillae were glabrous, the lower grains 


h. 
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possessed very few or no basal hairs, and the basal articulations were 
more or less completely solidified. On analogy with fatuoids and with 
Type A these three group* should represent the homozygous mutant, the 
heterozygote and the homozygous normal respectively. 

In all three groups Ijie upper grains of the spikelets are firmly 
attached to the lower, andmoret or grain separation is in all cases brought 
about by fracture of the rachilla at, or near, its base. 

Initial breeding tests. In 192S. separate panicle rows were sown with 
seed from the nine heterozygous anci liormal panicles, and from four of 
the homozygous mutanlj^ typ®- Very poor germinations were obtained, 
few seedlings appearing above ground, and wire worm attacks further 
reduced the seedling establishment. It was impossible, therefore, to 
obtain the requisite data on the breeding behaviour of the different 
panicle types. Many of tl*e surviving plants produced grain which was 
badly filled or failed to produce caryopses, although the paleae were 
normally developed. #his was particularly noticeable in panicles possess- 
ing grain of the mutant type. Badly filled grains also occurred, but to 
a lesser extent, in the panicles of both intermediate and normal plants. 

A further generation of the fully awned individuals was raised in 
1927. Seed from a number of the 1926 plants was pooled and divided into 
lower and upper grains; 4-1 lower and 40 upper grains were dehusked and 
the caryopses sown in separate boxes and placed to germinate in a large 
cool greenhouse. 

The lower grains produced 40 seedlings; one of these appeared weakly 
at first, but later developed in a normal manner. The one seed which 
failed to germinate was found, when dug up, to be soft, milky and dis- 
integrating and exhibited no evidence of growth.#^ 

Of the 40 upper grains 36 produced seediings of uniform size and 
vigour, two gave small or weakly seedlings and two showed no signs of 
emerging through the soil. Of the latter, one nearly 4 weeks after sowing 
possessed a healthy caryopsis, but there were no signs ctf growth: the 
other, which was shrivelled, possessed small, very fine, thread-like rootlets 
at its base, but no shoot. No further development followed in the case 
of either of these seeds. ^ 

Of the two small a^id weakly seedlings one died before its first leaf 
emerged fully from the coleoptile sheath, whilst the other continued to 
remain small and weakly. At the time when the normally vigorous seed- 
lings were planted out into "^he cage, this weakly individual was trans- 
ferred to a large pot and allowed to remain in a cool greenhouse through- 
out the growing season. Although growing very slowly at first, five 
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slender tillers were eventually produced, having panicles bearing a small 
number of grains of the homozygous mutant type*^. 

The seedlings transferred to the cage all ga/m rise to plants of normal 
stature^ and all possessed the fully developed mutant kind of grain. 
Several, however, gave rather poorly filled and^ccasionally grains". 

In respect of the inheritance of the mirftairt characters all [)lants 
grown from fully awned grains invariably gave progeny possessing only 
the fuUy awned type of grain. As in Type A, the plants with fully awned 
spikelets represent the true breecJlng mutant genotype. 

In 1926 the Type B mutant was reciprocally crossed with the sub- 
fatuoid oat described above (pp. 9-11), and also with plants of the 
cultivated variety Golden Eain {A. saliva). Studies relating to the hybrid * 
generations of these are still in progress. 

Tyfe C ex Reel Rustproof x Scotch Potato. 

This form was found in 1925 as a single segreg^xto plant in ex A. 
sterilis cuUa var. Red Algerian x -4. sativa var. Scotch Potato. 

The spikelets are unlike those of either parent^ and are very similar 
to the common heterozygous fatuoid; but the awn on the lower grain is 
more strongly developed and is fully geniculate. The basal articulation 
of the lower grain is intermediate in character, but rather less solidified 
than in the common heterozygous fatuoid. Basal pubescence consists 
of two small lateral tufts of brownish hairs varying in length from 
2-5 mm. The rachilla is completely glabrous, and the second grain, which 
is awnless, has a slight tendency to adhere to the lower as in members of 
.A. sterilis. The spikelets exhibit a tendency to shed wdien the ripened 
panicles are roughly Imndled (see Plate II, fig. 22 (b)). 

This form has bred trfle during two further generations. 

Type D ex A, Bdi>txva var, Norwegian Grey OaL 

The form designated Type D was isolated from a sample of Nor- 
wegian Grey oats. The lower grain bears strong, twisted and geniculate 
awns, but while the upper grains in some of the spikelets are awnless, 
others bear strong, twisted and gemculate awns (see Plate II, fig. 22 (e)). 
The base of the lower grain is soMified and glabrous, or a few hairs 
2-3 mm. in length may be present (see Plate I, fig. 10). The rachilla is 

^ The foUowing season seeds taken from this we&y plant gave ri^ to seedlings of 
normal vigour which produced mature plants all of normal size, 

^ That is, grains in which the paleae were normally developed but in which no caryopses 
were present. 
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glabrous and the upper grain separates from tbe lower in a characteristic 
A, sativa manner. The particular interest of this form to the present study 
lies in the occurrence oi strong, twisted and geniculate awns in con- 
junction with a normal or solidified and practically glabrous type^of base. 
In preliminary breeding studies this type has shown instability in the 
inheritance of the awns om the upper grain. 

(c) Weakjy awned types. 

Varieties with grains bearing weal, slender, non-twisted awns which 
are not geniculate are gf fairly frequent occurrence in varieties of the 
species A, sterilis culta (Marquand). In Eed Algerian, and also in certain 
strains of Red Rustproof, both lower and upper grains normally bear 
weak, slender, non-twisted awns (see Plate II, fig. 22 (a)). In the lower 
grain of these varieties th# base is partially solidified, and the basal hairs 
moderately numerous and usually from 3-6 mm. long. The spikelets 
generally do not shed freely when ripe. When these varieties are crossed 
with certain members of the .d. sativa species, this type of basal pubescence 
and articulation segregates in numbers approximating to a simple 
recessive class. 

It has been observed that some members of this class shed their spike- 
lets more readily than is the case with typical A, sterilis culta forms. The 
pubescence at the base of these divergent individuals is somewhat denser 
than that of the parent strains, the base of the grain is less sohdified and 
shows when shed a moderately large oval-shaped cavity, which is strik- 
ingly similar to that present in the Type A and Type B forms described 
above. In these aberrant A. sterilis culta forms 6lose association exists 
between degree of pubescence and degree of solidification of the base of 
the grain, and also between these characters and the weak awn. The 
spikelets, however, diSer from those of Type A and Type B in the more 
general absence of pubescence on the rachilla. Data relating to inherit- 
ance studies, in connection with crosses between A, sativa and A, sterilis 
cwte, are given below (see pg. 48-49). -• 

Segregates of the weakly awned type obtained from the cross Red 
Algerian x Scotch Potato have been,crossed with plants of Type 0 and 
also with a strain of awnless oats r€?ceived from Dr C. L. Huskins of the 
John Innes Horticultural Institute, Merton. 

^ (/) VaIIOUS TYPES OP PEDICEL. 

Some of the different types of pedicels met with in these investigations 
show variations at their apices which conform to the mode of separation 

Joum, of Gen. xxm 2 
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of tlie spikelet. In those types in which the spikelet sheds freely, and the 
lower grains show a small cavity or sucker-mouth at the base, a small 
section of callus remains adherent to the apex^^of the pedicel. This callus 
appears as a disc-like prominence, and its surface of articulation forms 
a plane*^ of cleavage more or less oblique to th^ line of axis of the pedicel 
(see Plate II, figs. 16, 17 and 18).*' When the spfikelets do not shed readily, 
as in 4. saliva varieties, separation occurs by fracture of the callus in a 
transverse direction and near its basei-)(see Plate II, fig. 19). The close 
similarity in size of the adhering 'taQus between the strongly awned and 
weakly awned types is shown in Plate II, figs. ^7 and 18. The somewhat 
larger callus typical of fatuoids is shown in Pig. 16, and the smaller 
residues of the A. saliva type in Pig. 19. In,general, the larger the disc 
of callus adhering to the pedicel, the more freely do the spikelets shed. 

V. HYBRIDISATION DATA. 

(a) Golden Rain eatuoid x Golden RaIn noemal^ 

Practically all of the results obtained by investigators of the fatiioid 
problem up to recent times have shown that the common fatuoid oat, 
i.e. the A series fatuoid, differs from the parent variety in which it 
originates by just those characters which distinguish the fatuoid grain 
from the normal, viz. awn development, pubescence and articulation. 
Some workers have, however, demonstrated slight differences in height 
of plant and tillering capacity between the extracted fatuoid and normal 
segregates, but such differences have not been of a marked character. 

While investigating the inheritance of grain colour in the Golden 
Rain fatuoid x nor mg] cross, however, it was observed that rather 
marked differences in spikelet number appeared to exist between the 
normal and fatuoid parent lines, and also between the segregate classes 
in the F 2 md Fq genemtiom. Differences between the progeny of tlie 
parent strains^ were first observed when plants of the hybrids and 
parental lines were grown side by side as spaced individuals in 1924. 
Preliminary counts made at that time on some of these showed that 
decided differences occurred. Later, when the generations were raised, 
the extracted fatuoids appeared to possess fewcf spikelets per panicle 
than the extracted normals, thereby suggesting an association of low 
spikelet number with fatuoid type of grain. 

The Golden Rain fatuoid nevertheless, "^when crossed Vith normal, 

^ The progeny of this cross has been previously studied by the writer (16) in connection 
with the behaviour of the yellow colour of the grain in relation to the fatuoid complex. 
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gives segregates of equal vigour, as judged by height of plants and tiller- 
ing capacity, and the segregate classes appear in the numerical ratio of 
1:2:1 fatuoid, interm^iate and normal respectively. In respect of 
these characters, therefore, this fatuoid agrees closely with the^ general 
characteristics of the A series group as^defined by Huskins(i4). From the 
general appearance and ^gour of all segregate classes, the chromosome 
complement is probably similar in all phenotypes, but this has not been 
determined. ® 

In order to study critically the beliaviour in inheritance of culm and 
spikelet characters in relation to type of grain, two Fg generations were 
separately raised from plants (709 and 714 Cn) in 1927. Counts were 
also made the same year oi spikelets in a number of families of 713 Cn. 
Line progenies (L) were grown from both fatuoid and normal parents for 
comparison with the hyb^?id offspring, 

Th^Fi and parent generations. 

The preliminary spikelet counts made in 1924 on some of the F-^ plants 
and on single representative plants of the parent Hnes are given in Table I. 
It will be seen that the parent lines differ widely, the number of spikelets 
in the fatuoid plant being 263 and in the normal 445. The average total 
figure for the several panicles of the three hybrids is 473, which is 
slightly higher than the figure for the normal line. The plant of the 
fatuoid line shows low numbers of spikelets in all its panicles as compared 
with both the^ormal and the hybrid plants. These figures, however, are 
but single estimations, and give only a general indication of the state of 
affairs found in the F^ and generation plants.* 

The Fg and Lg generations. 

One hundred seeds from each of two Fi hybrids (709 On and 714 Cn) 
and 50 seeds from each parent line were sown in boxes in a cool green- 
house. Germinations were good and only two seeds iaileri. When in the 
four-leaf stage the seedlings •vere planted out int5 a bird-proof cage and 
spaced at regular intervals of 6 inches apart. Both parent lines and 
segregates were very uniform in sizesnd vigour, and developed into good 
average-size plants. 

The Fg family, 709 Cn, was lifted for investigation as soon as the 
panicles w§i;e fully extended and before the grain was ripe. 

It was found, however, that in the unripe condition, division of the 
segregates into the threb phenotypical classes, fatuoid, intermediate and 
normal, for statistical comparison could' not be accurately carried out 



20 






E. T. Jones 


21 


owing to the difficulty of distinguishing all the members of the inter- 
mediate and normal phenotypes^. The plants were therefore divided into 
fatuoid and non-fatuoid% groups; these were clearly defined and could 
be accurately determined. Spikelet and culm determinations were then 
investigated in relation to these two groups. 

The intention, howevel, to study distributions in relation to the three 
categories fatuoid, intermediate and normal in the family 714 On — which 
was left for this purpose to grmr to maturity- — ^had to be abandoned 
owing to the damaged condition flhe panicles and culms caused by 
inclement weather conditions which set in before harvesting was efiected. 

The parent lines, also allowed to grow to maturity, were similarly 
damaged by wind and rain« but after eliminating the damaged individuals 
a number of plants remained on which culm and spikelet determinations 
were obtained. The data relating to these and to the family 709 On are 
summarised in Table IL 

The records relating to the parental lines and to the plants of 
709 Cn are perhaps not strictly comparable on account of the different 
stages of maturity at which the respective determinations were made. 
Slight differences in average length of culms may be present, but the 
number of spikelets, and possibly the number of culms too, should show 
little or no disparity on this account. 

The inheritance of number of spikelets. 

The parent lines. From Table II it will be seen that the marked 
difference in spikelet numbers obtained between the L-^ plants of the 
fatuoid and normal parents is reproduced in the plaifts of the genera- 
tion. Whether the unit of study employed is the plant, the culm or the 
main culm per plant, the average number of spikelets in the fatuoid off- 
spring show average figures significantly lower than those of the 
normal. 

In all three comparisons it will be seen that the fatuoid plants produce 
little more than half the numbef of spikelets borne by planl^s of the normal 
or type strain, and that this difference in spikelet number is in each case 
statistically significant. • 

The generation.^ From Table, il it is clear that in the Fg family 
709 On the inheritance of spikelet number is very closely associated with 

1 In the ripe grain the normals are fairly readily distinguished from the intermediates 
by their distirotly yellow colour ol grain, but in the immature plants division solely on the 
basis of awn development and basal hairs failed to give satisfaction. 

j 2 That is, the heterozygous fatuoid and homozygous normal phenotypes grouped 
together. 
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t 3 rpe of grain, the average number of spikelets in tbS homozygous fatuoid 
class being practically identical with that of the fatuoid parent line. 
Though there are small differences in average numbers per culm and per 
main culm, these are of doubtful significance. 

On comparing the figures for the average number of spikelets per 
plant in the fatuoid segregates with thdfee of the non-fatuoid class, a very 
marked difference is evident. The non-fatuoids average 90*1 dz 3*36 as 
against 62*0 d= 3*65, the average 4 >f the fatuoid class. The mean difference 
of 28*1 zb 4*96, however, is distinctly lies than that which occurs between 
the fatuoid and the norinal parent lines, namely, than 59*0 zb 5*97. The 
grouping of the heterozygous fatuoids and the normals into one class as 
''non-fatuoids’^ possibly jiccounts in part for this narrowing of the 
average difference, but not completely as will be seen from the jFg studies 
discussed below (cf. p. 24^. 

Similar comparisons between the fatuoids and the non-fatuoid segre- 
gates on a culm or Main culm basis also show the same narrowing of the 
average differences in spikelet numbers, the figures per culm in round 
numbers being 19 and 37 in the fatuoid and normal lines respectively, 
and 22 and 29 in the fatuoid and non-fatuoid segregates; and per main 
culm 24 and 49 as against 27 and 35 respectively. 

This general narrowing of the average difference is brought out more 
clearly when the average length per main culm is divided by the average 
number of spikelets per main culm, namely, by the culm length spikelet 
number ratio. The figures so obtained are — fatuoid line, 6-2; normal 
line, 2*6; fatuoid segregates, 4*8; non-fatuoid segregates, 3*6. There is 
thus not only a lowering of the average number of spikelets in the non- 
fatuoids (due partly to the inclusion of the heterozygous fatuoids), but 
also a slight increase in average spikelet num^fer in the fatuoid segregate 
class. 

Culm inheritance. In making a comparison of the average number of 
culms per plant in the parent lines, no evidence is to be found of any 
significant differences in thejbebaviour of this character. The fatuoid has 
an average number of culms of 3*19 zb 0*10 and the normal 3*32 zb 0*11? 
and the mean difference of 0*13 ± 0*J4 is less than the probable error of 
the difference, • 

In the segregate classes the averages for the fatuoids and non-fatuoids 
are 2*72 ±0*13 and 3*09 ± 0*09 respectively, and the mean difference 
0*37 zb 0*21! The fatuoid Average is somewhat low, but in comparison 
with the non-fatuoid class its deviation is not significant. 

In both line and segregate material there is, however, a tendency for 
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the fatuoid individuals to be slightly lower than the normals, but in 
neither case do the deviations appear to be significant. 

Length of culm. In average length of culm per plant, the parent lines 
agree fairly closely; the fatuoids on the average are very slightly shorter, 
but the^ mean difference of 4-01 ± 2-09 is not significant. The average 
length of the fatuoid is seen fror£ Table 11 to» be 113*16 ± T58 cm. and 
of the normals 117*17 ± T38 cm. 

The averages per main culm are 124*4 ± 1 '80 and 130-3 ± T40, but the 
difference on this basis of 5*8 ± 2*?8 is not of any statistical significance. 

The segregate groups, however, show closer agreement with one 
another than do the lines both on the per flant and per nmin culm basis; 
the figures per plant being 119*27 ±1*56 ^nd 118*68 ± 1*04 cm. for 
fatuoid and non-fatuoid groups; and per main culm 127*9 ± 1*66 and 
127*4 ± 1*12 cm. respectively. The similarity ly3tween the two classes in 
both comparisons is here remarkably close. 

, ■ iT' 

The Fg and Lg generations. 

The Fg data are confined to the inheritance of spikelet number in 
relation to fatuoid, intermediate and normal types of grain. Counts were 
made of the numbers of spikelets on the main culms of single spaced 
plants in 42 families and in the Xg plants of the respective parent 
strains. The spikelet averages for the several families are shown in 
Table III. For convenience of analysis the individual F^ families are 
arranged in their respective genetical groups. 

The parental lines. In this material the average difference in spikelet 
number between the two parental lines, On 578/3 and Cn 577/3 re- 
spectively, is of much the same order as what was foumi to occur in the 
Xg generations (cf. Table'll). Since spikelet number varies with soil 
fertility, complete agreement in the actual average numbers of spikelets 
between the Xg and Xg plants is not to be expected; the average differences 
nevertheless are remarkably efose. 

The segregate families. In growing the X-j material, the individual 
families -were arranged in single-traverse beds in serial sequence, i.e, 
starting with family 713 Gn 1 and following with 713 On 2, etc., up to 
713 Cn 50, and not in the order given in Table III. Owing to the absence 
of any replication of the different beds, direct comparisons between in- 
dividual families unfortunately cannot be made on account of possible 
errors arising through soil variation. But if 6omparisons are'” made be- 
tween the average of the homozygous fatuoid families as a whole, and 
the average of the homozygous normal also as a whole, the soil effects are 
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neutralised hj tlie random distribution of the several family beds. In the 
segregating families the random distribution of the segregates in each 
bed permits of direct cctoparisons being made between the respective 
averages of the fatuoid^ internaediate and normal phenotypes within 
eac]| segregating family, as well as between the totals of the fatuoids, 
intermediates and normali of all the segregating famihes. 

Table III shows that there is still a very decided association between 
low spikelet number and fatuoi^ type of grain, the figures for fully 
confirming those for ® ^ 

Table III also show^that the average spikelet number in the hetero- 
zygous classes of the segregating families is practically intermediate 
between those of the f atuoid and normal classes. The effect of grouping 
the heterozygous f atuoid and normal plants, as carried out in the F^ 
material (Table II), is to (muse a narrowing of the difference between the 
fatuoid and non-fatuoid averages. But the F^ data also show that the 
tendency to convergence between the average figures for the fatuoid and 
non-fatuoid groups as shown in Table II is not completely explained as 
an effect of grouping the heterozygotes and normals ; for it will be seen 
that a slightly lower average number of spikelets occurs in the normal 
segregate class as compared with the normal line (Gn 577/3), as well as 
a slight upward shift in the fatuoid segregate class as compared with the 
fatuoid line (Cn 578/3). 

A conceivable explanation of this change in the general average values 
of the segregates, as compared with the parent lines, is that some degree 
of crossing-oyer between the respective factors for low spikelet number 
and fatuoid type of grain on the one hand, and high spikelet number and 
normal grain on the other, may be taking place. JI so, the F^ generation 
should give (1) families homozygous for fatuolS. grain and high spikelet 
numbers, (2) families homozygous for normal grain with low spikelet 
number, and (3) famihes segregating into fatuoids with high and normals 
with low spikelet numbers. ^ % 

But for the unknown effe(jt of the soil factor, family 713 Cn 23, with 
an average of 43*0, might be singled out as an example of a homozygous 
fatuoid family with high spikelet number, ^nd families 713 Cn 44 and 48, 
with averages of 33*0 ??nd 34*0, respectively, as instances of homozygous 
normals with low spikelet number; but in the absence of replication, as 
explained above, no values can be given as to the significance of these 
figures for mdividual family^comparisons. 

Further, among the #3 segregating families, 713 Cn 31^ 713 Cn 34 and 
713 Cn 42 show remarkably close agreement between the averages for 
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Heterozygous fatuoid 

713 Cn 7 60 5 25 14 1:7-8 32-4 42-2 38-8 

10 i 50 7 23 8 1:4-4 33-8 41-5 53-6 

17 ^ 50 8 26 8 1:4-3 28-4 33-8 62-4 

20 50 12 22 8 1:2-5 36-5 42-3 42-9 
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the fatuoid and the normal classes. The respective figures for the three 
famihes in the order named are 31‘2 and 32-8, 33-2 and 32-0, and 26-0 and 
26-6 for fatuoids and normals respectively; but Che occurrence of averages 
of 39-6, 38-1 and 31-0 respectively for the intermediate classes do not, 

however, conform well unless of course we attribute their higher average 

r If 

values to teterosis. ' 

Fairly high, average figures in all three genotypes are seen in the 
family 713 Cn 41, namely, 37*1, 41*5 an(143*l respectively, but the fatuoid 
class remains lower than the nofmal, whilst the heterozygous class is 
more or less intermediate. The fatuoid figure, hcjwever, is distinctly high 
in this family, and the difference between it and the normal is not so very 
considerable. 

No examples, however, are to be found within the segregating families 
of fatuoids with high and normals with low spikelet numbers, but in a 
study of only eighteen families, especially should the percentage of cross- 
overs be low, this may possibly be due to the ak;ence of completely 
representative cultures. 

In general, therefore, the Fq data show that the fatuoid of Golden 
Eain differs markedly from the type variety in average number of spike- 
lets, which difference is associated in inheritance with the fatuoid kind 
of grain. The slight narrowing of the average difference in spikelet 
number between the fatuoid and normal segregates is seen to be due 
partly to a slight increase in the average of the fatuoid segregates, and 
partly to a somewhat similar and corresponding decrease in the average 
of the normal segregates. This narrowing effect is such as miglit occur 
as the result of crossin‘g-over between the factor or factors for low spike- 
let number and fatuoid type of grain on the one hand, and for high 
spikelet number and normal type grain on the other. 

(6) FuLGHUM FATUOID X FULGHUM NOEMAL. 

Reciprocals crosses were made between representative plants of 
fatuoid and normal Pulghum in the summer of 1924, and four hybrid 
seeds, namely 910-913 Cn, were produced. These crosses were originally 
made with a view to the study of. segregation of the grain characters 
''fatuoid” and "normal,” but when the association between fatuoid 
grain and spikelet number in the Golden Rain material was observed, it 
was decided to extend the scope of the investigation to cover panicle 
exsertion and spikelet and culm distribution. 

In so far as external characters are concerned, the Fulghum fatuoid 
appears to belong to the A series group (see Hate 11, fig. 21 (a) left). 
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The Pi and generations. 

hybrids and parent progenies of this cross show complete 
similarity in the early and late stages of vegetative growth, both in the 
degree of pubescence of leaf-sheath and leaf -margin, and in thei/ general 
appearance and habit of growth. Wivh. regard to the date of panicle 
emergence and height-to-ligule of the uppermost leaf at this date, very 
close agreement exists between th^ hybrids and the line generation plants, 
and this is also true for counts of tfie fiumber of panicle-bearing culms. 

In grain characteristics such as type of base, pubescence, and awn 
development, the F^ hybrids show close resemblance to the normal parent 
line, from which they differ only in the slightly less solidified base, in the 
basal hairs being rather more frequent, and in the occurrence of a few 
hairs on the rachilla in sgme of the spikelets. The awns on the lower 
grains, however, occur rather more frequently than in the normal strain, 
and like those of thoK latter are weak, medium-long and not, or only very 
rarely, twisted at the base. The upper grains are awnless and the florets 
disjoin as in the normal parent strain, i.e. in a typical A. sterilis manner. 
The character of the awn in the F^ of this cross is, however, different 
from that occurring in the F^s of crosses between fatuoids and normals 
of the A. sativa species. In the latter the awn is definitely twisted, and 
generally strong, and appears on most, if not on all, of the lower grains, 
whereas in the Pulghum hybrid it is weak, generally non- twisted and 
rather variable in the frequency of its occurrence. These latter features 
make separation of the intermediate and normal phenotypes a matter of 
considerable difficulty in the progeny of this cross. 

The Fg and L 2 generations-^2%. 

Owing to lack of adequate cage space only small Fg families could be 
grown in 1926. These were raised from seed of the F^ plants 910 and 
911 On. From each, 50 grains were sown in*‘paired-drills,’' and 10 grains 
of each of the parent lines were s^own alongside for comparison. Owing to 
unfavourable growing conditions during the early part of .the 1926 
season, vegetative development was decidedly poor, the plants produced 
were small, and a few died off befpre panicles were exserted. Counts 
were made of the number of spikelets on the main panicle of each plant 
when the heads were fully emerged, and at the same time the category 
of the segregate, that is, whether fatuoid or non-fatuoid, was recorded^.. 
These data are shown in Table IV. 

^ An attempt was made to classify the segregates into fatuoid, intermediate and 
normal, but this had to be abandoned owing to the difficulty of accurately distinguishing 
the plants of intermediate and normal phenotypes. 
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No record was made of the number of seeds wMoh germinated. 
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Segregation for type of grain (columns 5 an^ 6) is evidently uni- 
factorial. 

Tlie average spikelet dumber in the fatuoids and the non-fatuoids is 
very close, and there is no evidence of any association of low spikelet 
number with fatuoid type of grain either in the fatuoid line or in the 
extracted fatuoid segregates. 

The F 2 and generations~1927 . 

In 1927 a more extended study* wms carried out with seed from the 
same source as that use^ in 1926, but instead of sowing the grain in situ 
all lots were sown in boxes and placed in a cool greenhouse to germinate, 
the seedlings being later planted out into a bird-proof cage. 

Comparison of dates of panicle exsertion. During the growing season 
records were made of th# date of commencement of panicle exsertion 
in both parental and hybrid material, these data being taken on alternate 
days so far as was possible. The figures so obtained are shown in Table V. 
In general, the agreement between the JF 2 populations and the two 
parental lines is quite good. It is true that a minor peak occurs in the 
period 28 June to 13 July, but this occurs in both hybrid and parent 
strains alike, and is largely due to delay in panicle exsertion following 
upon injury through frit fly and other plant pests. The actual distribution 
is therefore better expressed by the 11-day period, 13-24 June, within 
which the hybrid families show a very definite uni-modal arrangement 
and give no indication of any factorial segregation taking place. The 
segregates in general, however, appear from the data to be a little earlier 
exserting than the parent lines. 

The index of panicle exsertion employed i^his study was the date 
when the apical spikelet of the first shoot to^xsert was fully emerged. 
According to Florell(7) the date of emergence of the tip of the first spike 
is considered to be the most dependable index for studying earliness in 
cereals. This being so, the distribution shown in Table ^ may also be 
regarded as the frequency distribution in respect «)f earliness. It is clear 
that for earliness and date of panicle emergence there are no marked 
genetical difierences between the parent strains and segregates. 

Segregation for type of grain, A summarised analysis of the segre- 
gation for type of grain in relation to culm and spikelet inheritance is 
given in Table VI. Figures are also given in this table for culm and 
spikelet eifSracters in the retlpective parental lines. From 200 seeds sown, 
and a percentage germination of 99, 194 survived to maturity. 

Of these 48 were fatuoid and 146 non-fatuoid, a clear mono-hybrid 




Showing segregation in the generation of Fulghum fatuoid x normal and reciprocal for type of^ain average number of culms 
and average number of spikelets on mam culm; also^at^^ on 'parent lines 1927 . 
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segregation. Evidenrly the characteristic distinguishing features of the 
fatuoid and the normal grain in this cross behave genetically as single 
contrasting units, and in this respect show romplete conformity with 
fatuoid X normal crosses of the species A, sativa. 

The'se data, however, differ from those obtained by Stanton, Coffman 
and Wiebe( 20 ), who obtained a c(»mplex segregation in a study of similar 
varietal material. They consider that the fatuoids of Fulgluinr and Burt, 
both varieties of A. sterilis culta, are^genetically different from those 
found in A. satim varieties, and. fh’obably differ from the normal by 
several factors. They also found that the fully developed fatuoid grain did 
not invariably breed true. 

Throughout the present study the parental lines of botii the fatuoid 
and the normal strains have continued in all cases to breed true. 

Culm inheritance. From columns 7 and 8^f Table VI it will be seen 
that in average number of culms per plant the fatuoid and non-fatuoid 
segregates show no important deviations from one .^mother. The ffgures 
for the parent lines are slightly higher, but this is probably due to differ- 
ences in spil fertility, since the parent lines were grown in separate beds 
adjoining, but not interspaced with, the segregate material. The parent 
lines, however, agree closely amongst themselves in average culm pro- 
duction. 

SpiJcelet inheritance. In the last two columns in Table Vi, the iiverage 
number of spikelets per main culm in the fatuoid group of the combined 
families 910 and 911 Cn is seen to be 10-33 ± 0-21, and in the non-fatuoid 
group 10-30 ± 0-19, a very close agreement. The parental lines, on the 
other hand, differ rather widely — 11-3 ± 0-53 and 15-0 ± 0-70, fatuoid 
and normal respectively — ^the mean difference being 4-3 J: 0-92, which is 
more than four times probable error of the difference. The general 
average is also higher as compared with the averages of the fatuoid and 
non-fatuoid segregates, but this may be connected with soil inequalities 
as explained in connection with culm inheritance above. 

In the parent strains grown in 1926 the^observed averages showed no 
differences of statistical significance, but the small average difference 
which did occur was in the same Section as that obtained in the 1927 
material, namely, towards a slightly higher average number in tlu' normal 
line. The occurrence and significance of this slight increase in favoiu- of 
the normal line is being further investigated with larger numbers of 
plants. 

In general we may conclude that the data on the Fulghum fatuoid x 
normal cross demonstrate no genetical differences between fatuoid and 
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normal plants in respect of date of panicle emergence, and that with, 
regard to culm and spikelet characters complete genetical similarity 
exists. There is in the segregate material of this cross no association of 
low spikelet number with fatuoid type of grain, such as occurs in the 
Golden Rain fatuoid x normal cross described above. 

(c) Fulghum fatuoid (A, sterilis culta) x Grey 
Winter i^ormal [A, sativa). 

The reciprocal crosses between* Ftilghum fatuoid and Grey Winter 
normal were made in JL926. The grain of the latter variety has been 
described by Marquand(i7) as possessing awns few in number, twisted 
and geniculate, the lower grain frequently bearing a small tuft of hairs 
at its base. 

The cross Fulghum faluoid x Grey Winter normal gave seven hybrid 
seeds (997-1003 Cn) and the reciprocal two seeds (1004 and 1006 On). 

The Fj generation. 

Sown in the spring of 1926, all nine seeds germinated and produced 
plants which appeared to be definitely hybrid in character, and no differ- 
ences were apparent between the individuals of the reciprocal pollina- 
tions. The Fi hybrids, however, differed from those of the Fulghum 
fatuoid X normal cross, described above, by the occurrence of fairly strong, 
twisted and sub-geniculate or geniculate awns on all the lower grains. 
In this respect they agree closely with the hybrids which occur when 
both the normal and fatuoid parents belong to the Al, sativa species 

The Fg and Lg generations. 

Fg families were grown in 1927 from seen ^f the reciprocal hybrids 
1000 Cn and 1005 Cn. Of each hybrid 100 and of each parent line 10 
seeds were sown in boxes and germinated well in a cool greenhouse. 

In Table VII, columns 6, 6 and 7, is shown the segregation for fatuoid, 
intermediate and normal type of grain. Unlike the Fulghum fatuoid x 
normal cross, the intermediate and the normal phenotypes are here fairly 
readily distinguished, and there is obvious segregation on a 1 : 2 : 1 basis. 

One plant of doubtful relationship appeared in the family 1005 Cn 
and has been included in the intermediate class. It possessed spikelets 
of intermediate character in respect of pubescence and basal articulation, 
but both>gtains of the spiktlets possessed weak awns. 

The two parental lines continued throughout to breed true for their 
respective types of grain. 
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Includes one plant of the “weakly awned*' type. 
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{d) FuLGHUM FATUOID X GOLDEN RAm PATUOIB. 

In order to test fnrtEier the genetical similarity or otherwise of the 
factor, or factor-group, which determines the fatuoid character in A, steri- 
Us culta var. Fulghum, with that which^ives rise to the fatuoid character 
in varieties of A, sativa, a fatuoid of Fulghum was hybridised with a 
fatuoid of the variety Golden Rain. From hybridisations carried out in 

1925 five hybrid seeds were produced, viz. 1008-1012 Cn. 

# 

^ The Pj generations. 

All five Fj plants (1008-1012 Cn) were grown in 1926, and all produced 
homozygous fatuoid type^f grain. Apart from 1012 Cn, which was a 
small plant, all were much alike in height of plant and culm-producing 
capacity. All five, however, possessed many florets which failed to pro- 
duce caryopses, though the paleae were normally developed. In con- 
sequence of the fre^iy disarticulating fatuoid base, much of the grain was 
shed before the plants were fully matured, and the actual percentage 
of failures was not determinable; but from the grains still adhering 
when the plants were examined after harvesting, counts were made of 
the number of fertile and empty grains then present. The numbers of 
spikelets borne by each plant were also determined for all except 1008 Cn. 
As shown in Table VIII, approximately one-third of the grains were 

TABLE VIII. 

Showing number of spihelets and number of fertile and. empty grains {when 
harvested) in five F^ plants of the cross Fulghum fatuoid x Golden Rain 
fatuoid— ld2d. 



Total no. of 

AT ^ 

No. or 

No. of 

Hybrid 

spikelets 

fertile 

empty 

designation 

per plant 

grains 

grains 

1008 On 

— 

94 

43 

1009 Cn 

164 

108 

51 

1010 Cn 

Ul 

74 

48® 

1011 Cn 


136 

49 

1012 Cn 

60 

5 

21 

Totals 

524 

417 . 

212 


empty. Assuming an'’ average of two grains per spikelet to have been 
originally present, an under- rather than an over-estimate, a loss of 
grain, through shedding, of approximately 50 per cent, has taken place. 
It is, of d^rse, impossible estimate the significance of the proportion 
of empty to fertile grains in the figures given, owing to the unknown ratio 
of fertile to empty grains in the shattered seed. One would expect, 
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however, that on account of their heavier weight, more fertile grains than 
empty ones would have fallen; in which event the actual proportion of 
empty to fertile would be greatly reduced. But' whatever the number of 
empty ^ains in the shed seed, the numbers actually occurring on the 
several plants when harvested^are exceptionally high. 

The Fg 1^2 ffenerations. 

Fa generations from 1009 Cn and 1^1 Cn were grown in 1927. Of 
the former 97 and of the latter 100 seeds, together with 10 seeds of each 
parent strain, were germinated in boxes in the- usual mamior, and all 
produced mature plants of normal size and vigour. When harvest('d tlie 
segregates and parents were examined for ttie presence or absence of 
normal or intermediate types of grain, and the results are shown in 
Table IX. ^ 


TABLE IX. 

Showing data on the Fj generation and parent lines of the cross Fulghum 
fatuoid X Golden Rain fatuoid — 1926. 




No. of 
seeds 
sown 

97 

100 


Phenotypical claHsification 
of type of grain 

, A. , 

Description of hybrids 
and parents 

Fulghum fatuoid x 
Grolden Rain fatuoid 
Reciprocal 

Eeference 

numerals 

1009 Cn 

1011 Cn 

No. germ- 
inated 

90 

95 

‘‘Inter- 

Fatuoid mediate ’’ Normal 

90 ■ 2 ■ 

, 75 ■ S ■ 

Totals 

— 

197 

191 

165 5 

Parent lines; '' 

Fulghum fatuoid 

Cn 957/2 

10 

9 

0 .... 


Cn 965/2 
Cn'^/2 

10 

10 

10 ■ . ~ ■ 

Golden Rain fatuoid 

10 

10 

10 ■, 


The three parental lines Cn 967/2, Cn 965/2 and Cn 964/2 re.spectively 
yielded plants all bearing homozygous fatuoid type of grain. Tlie lines 
and segregate^ all showed complete survival when the plots were ex- 
anained about the time of the commencemant of panicle emergence, but 
during the course of harvesting and subsequent handling, .sev(;ral plants 
were damaged, and when the lots^were investigated in the laboratory 
only 170 individuals out of a possible 191 in the' two F^ famili(;s were 
separable as single and complete plants. Of the broken and detached 
panicles none showed deviation from the homozygous fatuoid type of 
grain. The 170 rmdamaged plants consisted of 165 homozygous for 
fatuoid type of grain and five which were non-fatuoid ; the spikelcts of 
the latter were of an intermediate or heterozygous fatuoi<l character. 
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These five non-fatuoid plants are shown in column 6 of Table IX under 
the heading ^'intermediate.” The spikelets borne by these individuals 
represented outwardly the heterozygous fatuoid phenotype; the lower 
grains possessed fairly strong, twisted and slightly geniculate awns and 
a slightly pubescent and partially solid^ed base, while the upper grains 
were awnless b 

Probably these five plants originated through natural crossing 
in the F-^ generation by stray p'&llen of normal genotype. That natural 
crossing does occasionally occur in the^jPj has been shown in connection 
with the appearance oi black-grained heterozygous fatuoid plants in 
artificial crosses between non-black and non-fatuoid parents (see pp. 8~9). 
The Fi were not artificially* protected against the possibility of fertilisa- 
tion by foreign pollen, and for this reason further investigations with 
Jg’s from assured selfed plants appear to be necessary in order to 
establish with certainty the origin of such individuals. The occurrence 
of "intermediates'"^ under such conditions would annul the theory of 
their origin by natural crossing. 

The result of inter-crossing the fatuoids of Fulghum and Golden Rain, 
apart from the five "intermediates,” indicates a similarity of genotype 
in respect of the fatuoid characters in these two specific strains. It is the 
writer's belief that the F^’s of this cross, when protected against all 
possibihty of fertilisation by foreign pollen, would give only homozygous 
fatuoid ofispring. 

(e) Scotch Potato noemal {A, saliva) x A. nuda fatuoid. 

As explained in an earlier section of this paper (p. 7) the A. nuda 
plant used as parent in the cross Scotch Potat<fx A. nuda was found to 
be heterozygous for the fatuoid character, and two of the artificial hybrids, 
viz. 629 and 630 On, were found to be hybrid in this respect. 

The #2 generation raised from family 629 On gave 21 fatuoid and 70 
non-fatuoid plants from 100 seeds sown, and from^a like dumber, family 
630 On gave 19 fatuoid and 70 non-fatuoid segregates. The totals for both 
families are 40 fatuoid and 140 non-fatuoid, where expectation is 46 and 
135. There is a slight deficiency in the homozygous fatuoid class, but it 
was not always easy in this material to detect the homozygous fatuoid 
genotypes when present in the homozygous nuda type of spikelets, and 
this may^^count at least fojsome of the disparity in respect of this class. 

1 In 1929 the progenies of each of these plants showed segregation into fatuoids, inter- 
mediates and normals. 
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In the segregates with nuda type of spikelets, only those possessing strong 
awns on all the paleae were included in the fatuoid class. 

In a few selected families of this cross a new awned ” type of grain 
was seen to occur in certain of the hulled families. The spikelets ol this 
new type closely resemble tlioscpof heterozygous fatuoid })lants iu out- 
ward grain characters. The lower grain has a very strong, twisted and 
geniculate awn which, however, is distinctly stroug<u‘ tluin that of the 
typical A series heterozygous fatuoid, ^and is closely similar to a fully 
developed fatuoid awn; basal pAescence occurs as small lateral tufts; 
and the upper grain is awnless. Some of the ^ families contained I)otli 
normal and ''awned’’ plants, while other families consisted entirely of 
plants of the '^awned'’ type. The latter families were apparently homo- 
zygous for the new character. This new form is morphologically very 
similar to Type C, described above (wsee whicdi occurred as a 

segregate in the generation of the cross Red Rustproof Scotch 
Potato. Since the variety Scotch Potato is a pareht common to both 
crosses, the occurrence of somewhat similar “awned'' types in the segre- 
gating progeny of these two crosses may possibly be rtdatiul to the 
particular genetical constitution of this variety. But furtlun* observation 
and study are necessary before this point can made chair. 

(/) Strongly awned Type A {ex CEiRCH-niT-BACif ) x 
Supreme (^. FATUOID. 

Four Fi hybrid plants (904-907 Cn) were grown in 1 925 from re- 
ciprocal crosses between the strongly awned Type A strain of Ccundi-du- 
bach and a fatuoid of the cultivated variety Suprmntu Tlie Type A plant 
was the seed parent of ^ Cn and the pollen parent of 905-907 Cn, The 
object of the cross was to study the inter-relationships of Type A and 
fatuoid grain characters. 

The parent strains are ^ike in being black, in posvsessing strong, 
twisted and gpmiculate awns oh the fixsj} and second grains, and in ex- 
hibiting a tendency to shed when ripe. Bu4 the fatuoid ha.s a liorseslioe- 
shaped basal articulation in all grains of the spikelet, an almost c-omplete 
ring of dense, short pubescence (about 1 mm. or less) on basal callus, 
and dense pubescence on the rachillJi; while Type' A has an oval-shaped 
cavity at the base of the lower grain, and the base of the uppc^r is com- 
pletely solidified. Pubescence in Type A is confined to tlie ocrtunamcc of 
dense lateral tufts about 2-4 mm, long at 1!he base of the lower grain, 
and to slight hairiness of the rachilla, the upper gr«ain being comph‘tely 
glabrous (see^figs. 13 and 14, Plate I). 
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The Fi generation. 

F-i plants of the reciprocal crosses were all alike phenotypically. In 
respect of the contrasting grain characters, they showed close similarity 
to the Type A parent, differing only ii| the very slightly enlarged and 
slightly less solidified articnlation of the lower grain of the spikelet, and 
in the basal pubescence being shorter (approximately TO-l-fi mm. long). 
The upper grain of the spikel&t was identical with that of the Type A 
strain. Apart from the reduced length %f the pubescence, there appeared 
to be an almost complete dominance of the Type A grain characters. 

The generation. 

Small F^ generations were grown from 904 and 905 On in 1926. On 
harvesting it was found tliat only four clearly defined classes of grain 
were present, namely: 

(1) Type A grain with short, or fairly short, pubescence. 

(2) Type A grain with long pubescence. 

(3) Fatuoid grain with short, or fairly short, pubescence. 

(4) Fatuoid grain with long pubescence. 

The data relating to the segregation of these four classes are shown in 
Table X, and point clearly to a case of di-hybrid segregation. 

The only pairs of contrasting characters in respect of the grain features 
of these two strains are long v. short pubescence and fatuoid v. Type A 
form of grain. No segregation occurred in respect of colour of grain, awn 
production or form’’ of pubescence^ 

The Fg generation. 

Confirmation of the di-hybrid segregation, and of the F^ grouping as 
given in Table X, was obtained by growing a number of F^ families as 
single spaced plants in 1927. The actual number of seeds sown in the in- 
dividual families was small, Qwing partly to the very poor growth and 
small panicles produced by the F^ plants in 1926, and partly to loss of 
seed by shedding before harvesting. Altogether 32 families belonging to 
904 Cn were grown, and in all cases all available seed was sown. The 
records and^ analyses relating to these are brought together in Table XI, 
where the respective families are arranged in genetical groups according 
to thtir -^breeding behaviour. 

^ That is, whether the pubescence occurs in lateral tufts at the base of the grain as in 
Type A, or as an almost complete ring as in the fatuoid strain. 
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TABLE X. 

Showing the segfegation of length of hasol pubeseence in relah on to aon-faiuoid 
and fatiioid type of grain in the Fg 4 simagly aimed type A x 

Supreme fatuoid — 1926. 

f' J’g segregation 


Non-fatiioid Fatnoid 


Description of tlie cross 

Strongly awned Type A x 
Supreme fatuoid 
Reciprocal 

Reference 

numerals 

904 On 

905 On 

No. Of 
seeds 
sown 

50 

50 

Pubescenfe 
^hoi't or 
fairly short 

24 

19 

...n, 

Pubescence 

long 

8 

IhibcHfumec 
short or 
fairly sh{.)rt 

11 

7 

’ 

Puhe.scence 

long 

4 

5 

Totals 

— 

100 

43 

15 

18 

9 

Calculated (9 : 3 : 3 : 1) 


— 

47*7 

15-9 

lS-9, 

^ 5-3" '■ 

(o - c)^ _ 
c 

... ' — 

— 

0-463 

'' 0 051 

0-273 

■ 2-564 




= 3-351; P = 

0-346. 




The phenotypical characters of the mother plant of each particular 
jPg family are given in column 2. In the same linOj aiul in columns 4-7, 
the actual numbers of plants belonging to one or other of tlu‘ respc.^ctive 
grain classes are recorded. It will be observed that the grouping into 
the four categories of fatuoids and non-fatiioids with short, or fairly short, 
and long pubescence respectively, is in complete agreement witli tlie 
breeding behaviour. Fatuoid type of grain and long pubesccmee behave 
as recessive characters, and Ff& of this description show no segregation 
in -Fg. The Type A grain and short, or fairly short, pubescence, on the 
other hand, behave as* the dominant allelomorphs, and the F.^ progenies 
of Pg’s of this type are ^ther homozygous for both pairs of characters, 
or else heterozygous for one or other or both characters. On the basis of 
di-hybrid segregation nine genetical classes are expected, and the group- 
ings in Table XI of the several JPg families show that all these hav<^ been 
obtained. A ec^mparison of the observed And calculated numbers indicates / 
fair agreement with Hypothesis. 

It is of interest in connection with the general fatuoid probhmi to note 
that in this cross no new eombinarfions in respect of awn production or 
"'form’’ of pubescence have occurred in any of the hybrid genenitions. 

It is apparent from the study of this cross that the three associated 
characters, articulation, pubescence and awn of the Type A and the 
fatuoid strains respectively behave in inhefitance as simple mid appar- 
ently absolutely linked groups; for in so far as the present investigations 
go, the awn, pubescence and articulation characters, characteristic of the 
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r 

parents of this cross, have invariably been recovt‘nM! ini, act ; and there is 
no evidence of their being other than dep<nidont iipf>n a. singh^ factor. A 
factor, however, which modifies length of pubescrcnce from 'dong'' to 
''shorli” is present in the fatuoid strain. This fa.ctor inde- 

pendently of ''type’’ of grain ^id gives therewith didiyln’id segregation. 
Its absence from the fatuoid genotype rc’sults in the app(‘araiic.e of 
fatuoids with long pubescence, whilst its presema* in tin* Typi* A genotype 
gives Type A segregates with short jou])esc(mc{\ Two nc‘w gtmeticail groups 
are therefore produced, namel^^, fatuoids witli long pulH^scetice and 
Type A grain with short pubescence; and thc'se have* o{*curn‘d in their 
expected Mendelian frequencies. 

It was further observed that when tluHa^-grainod spikolids appeared 
in plants possessing Type A grain, the tliird grains wahv awnh\ss, whereas 
third grains occurring in the spikelets of the futuoicl genot}q)e wme always 
awned. 

(g) Strongly awned Type A {ex CRimm-ocMiArn) x 
CeIRCH-DU-BACH FATOOiO. 

Reciprocal crosses were made between tlie Type A and the fatuoid 
strains of Ceirch-du-bach in 1926, and two hy!)rid serais, 1200 and 
1210 On, were obtained. Both parents in this cn)Hs possess ‘dong'’ basal 
pubescence and are morphologically identical in all plant characters 
except ^Hype” of grain. The only contrasting chara,cterH to be dealt with, 
therefore, are the grain features of the Type A grain on one hand, and 
of the fatuoid grain on the other (see Plate II, figs. 20 (a) and (d); also 
Plate I, figs. 11 and 13). 

The generation. 

As would be expected on analogy with the Type A x Htiprrnne fatuoid 
cross described above, the spikelets and grain of the show cdose simi- 
larity to the Type A parent. The external resemblance is hcTC^ even closer 
on account of the ‘'parents both possessing ‘dong'’ puhcsramcc. The 
pubescence on the rachilla of the fatuoid, howev(*r, is (hmser tliaii ihat in 
the Type A strain; consequently^ the hybrids show a slighily increased 
density as compared with the Type A parent. Apart from this the spike- 
lets and grain of the hybrids and the Type A plants arc practically 
indistinguishable. As -in the previous crosses the chara,(dcristic features 
of the Type A grain are almost completely dominant ovc‘r rnose of the 
fatuoid. 
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The Fg generation. 

In 1928, Fg generations from the two F-^ plants 1209 and 1210 On 
were raised from seeds germinated in boxes in a cool greenhouse. ^Of the 
hybrids 200 and of each parent strain 1| seeds were sown, and germina- 
tion in all lots was exceptionally good. The seedlings in general were of 
relatively uniform size and vigour, and almost all gave rise to well- 
developed plants. The data relative to the inheritance of the grain 


characters in this cross are 

shown in T^ible XII. 




• 

Description of parents and/or 

TABLE XII. 

« 

Reference 

No. of 
seeds 

No. 

germin- 

“Non- 


hybrid material 

numerals 

sown 

ated 

fatuoid ” 

Fatuoid 

Parent lines: 

Type A'(ea5 Ceirch'du-baoh) 

Cn 1113/2 

10 

10 

All 

— 

Ceirch-du-bacii fatuoid^ 

Cn 1114/2 

10 

10 

— 

All 

jPg segregates: 

Fatuoid X Type A 

1209 Cn 

200 

200 

142 

49 

Expected on a mono-hybrid basis 

— 

— 

— 

143 25 

47-75 

Type A x fatuoid 

1210 Cn 

200 

199 

146 

50 

Expected on a mono-hybrid basis 

— 

— 

— 

14700 

49-00 


Only two main kinds of segregates were distinguishable, namely : 

(1) Segregates with grain like the fatuoid parent. 

(2) Segregates with grain like the Type A parent. 

As would be expected from the dominance of the Type A grain characters 
in the F^ plants, discrimination between homozygous and heterozygous 
Type A segregates in the F^ generation was not possible, and in Table XII 
the group consisting of the homozygous and of the heterozygous Type A 
plants is termed ''non-fatuoid.” From the data it is clear that we have 
here a case of simple mono-hybrid inheritance. 

The line descendants of the respective parent plants remained uni- 
form in type and general vigour, and continued throughout J 30 breed true 
to their respective grain char%cteristics. • 

As in the cross Type A x Supreme fatuoid no segregates were obtained 
in which awns were absent from either the first' or second or both these 
grains of the spikelets, ar in which the lower grains possessed a glabrous 
and/or solidified base. 

Despite a difierence in density of pubescence on the rachilla between 
the two parental strains, allihe extracted fatuoid segregates possessed 
the dense type of pubescence characteristic of the fatuoid type. There is po 
evidence of independent segregation, or of crossing-over, but the combined 
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features of the awn, pubescence and articulation of the two parental 
strains behave as simple allelomorphs. 


r(h) Strongly awned Type A x Scotch Potato katuoid. 

fi 

In this cross the parents differed in colour us well as in (i/pc. of otain 
the Scotch Potato fatuoid being white and the IVpc A parent black.'Both 
parents, however, are similar in possf-ssing the “long” tvpe of pubes 

cence (see Plate I, figs. 13 and #15,' also Plate II, figs. 2() (a) and (d\ 
left). ^ • --'W, 

onon"^” produced in 1924 which were designated 

JOS tn and 909 On, and these were grown as i\ plants in 1925. 

The Pj generation'. 

In awn, articulation and pubescence and in colour of grain the I 
plants of this cross are similar to those of cross (//) described above; that 
IS to say they resemble the Type A parent, differing from it onlv in the 

shghtly denser pubescence of the rachilla. “ 

The generation. 

, „ r* ‘ko ‘™ -f. Kown .i..Kly in i. 

19.6. But, as with all seed so sown in J926, rather small plants were 
obtained and many casualties occurivd. From 1(R> seeds sown, only 74 
plants were available for grain investigation. 

Asm the Type A x fatuoid crosses already discussed, only two classes 
0 segregates m respect of type of grain were distingui-shable in F., 

Tawl and these occurred in a 1 3 ratio (cf. 

In respect of colour of grain the Type A parent was found to cairy a 
factor for pale grey, hypostatic to the factor for black; the F., phenotypes 
therefore consisted eff the three colour eWes, black, pale gr.w and wiiL 
The pale grey and the white-grained plants have bi-en grouped together 
m order to avoid any inaccuracy due to difficulties in distinguishing 

XTnoTf,r? grey grain, -in which tlie colour was 

On thk W w^ich have bi^en slightly weathered. 

coW Wack and non-black 

ratio The rf ^ grain, and the figures indicate ", di-hvbrid 

mav rest Kl low, but the paucity of plants 

may reasonably account for that, ^ ^ 
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So far as the black and non-black colour classes* are concerned there 
is no evidence of any linkage existing between colour and fatuoid or 
Type A kind of grain. 
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(i) A. STEEILIS VULTA X A. SATiVJ, 

In 1922 a number of F 2 generation plants of cnKsst^s Ik*! A, .sicrilu 
culta (Marquand) var. Bed Algerian and certain A, mfirn varieties were 
examined for the presence or absence of d<ms{*j “'tufted ' puhestaaita.* at 
the base of the lower grain of the spikelets. These examinations were 
made on single-spaced plants at the time when the panicles were fully 
emerged, and while the plants were 4till growing in tin* lie-id. After 
harvesting and threshing, determinations wen* also made of the type of 
articulation of the lower grains of the spikcdet.^ Dinmig the c'olhHdion of 
the latter data it became evident that all those phiuts prtndously <da,ssed 
as possessing dense, tufted, basal piilH\scenc/.\ poss(\ssca.l a basal urticuk- 
tion of the partially solidified type, ami tliat tin* uss(K*iation l)etw(Hni 
dense pubescence and partially or semi-solidHied bast* was very <lefinite. 
On the other hand, plants with, little or no pnl)(*s<*en(*e possessed either 
an intermediate or, more generally, a completely stdidified basm 

The segregates classified for basal articulation and laisal pub(*sci‘nce 
appeared to fall into three main groups, two of which resembled the 
respective parental types, while the third was more or less intermediate, 
but resembling rather more closely the A. mitiva parent, from which it 
could not invariably be distinguished. Of the type nnsembling tlnj lied 
Algerian parent, most individuals agreed closely with the parental form 
in respect of articulation and pubescence, but some showed a slightly 
greater density of pubescence, and a slightly larger aiul less solidified 
basal cavity in the lower grains. The spikelets of tlu*S(‘ Imd a temleiicy to 
shed rather more freely when ripe. The actual breeditug behaviour 0 
these 'transgressive” forms has not been critically studied, and it is not 
known whether they represent new genotypes or mendy Hmduating 
forms of the parental type; for the present they have becm included with 
the latter. Particulars of the crosses and the segregation of grain 
characters in question are s£own in Table XIV. 

In columns 4 and 5 of this table the ^eg,J:egates are sliown grouped 
into two main classes, namMy, (1) those witli dense pubescimce and semi- 
solidified or partially s'olidified base, and (2) those with sliglit or no 
pubescence and with intermediates or solidified^' base. Tlu^ former class 
represents the recessive “Red Algerian” phenotype, and the latter the 
grouped heterozygous and homozygous ''sativa' classes. The crosses, 
which comprise hybridisations between tlvi A, deril/k culta variety Red 
Algerian and the A. sativa varieties Grey Winter, Captain and Bountiful, 
all show good agreement with mono-hybrid segregation. 
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No observations were made on awn characters tn relation to type of 
base in these particular hybrids. 

TABLE XIV. 

Showing the Eg segregation of the characters dense basal 'pubescence and s&m-soliclified base 
in crosses between A. sterilis cnlta mr. Red Alger%n and certam varieties of A, sativa — 1922 


j^a segregation 
- - 


Particulars of the cross 

*Grey Winter x R.ed Algerian 
Red Algerian x Grey Winter 

Reference 

numerals 

7Cn 

13 Cn 

% 

No. of p%nts 
investigated 

121 

102 

r 

Slight or no 

Dense pubescence and pubescence intermediate 
semi- or partially or completely 

solidified base solidified base 

28 93 

28 74 

Totals 

• 

223 

56 

167 

, Calculated on a 1 : 3 basis 

— 

— 

55-75 

167*25 

Red Algerian x Captain 

12 Cn • 

158 

36 

T22 

* 

31 Cn 

166 

47 

119 

Totals 

— 

324 

83 

241 

Calculated on a 1 ! 3 basis 

— 

— 

810 

243*0 

*Red Algerian x Bountiful 

14 Cn 

272 

64 

208 

Calculated on a 1 : 3 basis 

■— 

— 

68 

204 

Grand Totals 


819 

203 

616 

Calculated on 1 : 3 basis 

— 

— 

204*75 

614*25 


* The observations in relation to basal pubescence in these families were made jointly by Mr C. V. B. Marquand, 
now of Kew Gardens, but formerly Officer in charge of Investigations in Oats at the Welsh Plant- Breeding Station^ 
and the wTiter., 


(j) A. STERILIS CULT A VAB, EeD RuSTPROOP X 

A. SATIVA VAR. Scotch Potato. , 

This cross, which was made for the special purpose of studying the 
mode of inheritance of resistance to crown rust {Puccinia coronata 
Corda (6)), gave rise to a number of segregate grain-types in which the 
three characters semi-solidified base, dense basal pubescence, and weak, 
nondwisted awn were closely associated. For these characters the Red 
Rustproof parent appears to Be genetically similar to Red Algerian, 
while Scotch Potato variety has a solidified d^ase with very sparse or no * 
pubescence, and the awns, which ocyur fairly- frequently on the lower 
grains, are twisted ancbsub-genicula'te, the upper ^ains being completely 
awnless. ■ , * 

From amongst a number of families of this cross, grown in 1926, 
82 families were taken at random and classified for type of awn. They 
fell naturally into three main groups, viz. (1) those homozygous for 
twisted awn, (2) families segregating for twisted and non-twisted kinds 
Journ. of Gen. xxin 4 
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of awns, and (3) fafnilies homozygous for tlie woak, nond wistiMl awn. 
(1) showed also the basal articulation and pubt'secMKa* of th(‘ Scutch 
Potato type; (3) resembled the weakly awiK‘d paiviit in this rcsp^^ct, 
while (2) showed an intermediate character. The liiiiniHn* of families 
occurring in groups (1), (2) anc|(3) were 23, 42 and 17 rcsp(M‘tively, a 
distribution agreeing fairly closely with expectatioii on a mono-hybrid 
basis. 

Ill this cross, therefore, the two typos of awns and ilnar associated 
pubescence and articulation ch|.rdbtcrs beJiava* as simple coidmsting 
allelomorphic groups, and no cross-over types vycn’e ohsorvo<l. 

Coffman, Parker and Qiiisenberryi-), in. a survey of varialulity in 
Burt oats, observed that the twisted awn wa^ n'cessive io tin* weak lum- 
twisted type, and believed the two kinds of awns iu differ geiit‘tioally. 
These authors also quote data from Wiggansi^P) who, in a cross lietween 
Red Texas and Swedish Select, obtained Bini|.)le Abmdelian segregation 
between the strong, twisted and the Weak, nun-twist <h 1 types of awns. 
They also obtained a high correlation (Q --- ,! (MHU) betwinm tlie 

semi-solidified base and the tufted basal pub(\sceiKH*. 

An association between weak, non-twisital awns and niedimn-long 
pubescence has also been reported by Fraser(S) who. in a study of 2341 
plants derived from a cross made between Burt and Sixty Day, oldained 
6 per cent, of cross-overs. He also found the tufted pubes<*<m<*e, partially 
solidified base, and weak, non-twisted awn cliaract(‘rs typical <.)f the Burt 
variety to be recessive to the practically glabrous and solidified taise and 
almost awnless condition of the Sixty Day variety and, a|>art from a few 
cross-overs, to segregate as a simple recessive‘ group of (ffiarucdiTs. 

There is here, therefore, evidence of an association beiwi^m basal 
pubescence, semi-solidifiM base and the weak, non-twisted awn as distincit 
from the association of basal pubescence, semi-8olidifi(^d base and slromj, 
twisted awn as in the Type A and the Type B plants d<‘S(a‘il)ed above 
(see pp. 12”14). 2" 

In general^ it may be concluded from^these stiulifjs, that a <iefinite 
association exists between awn, articulation and pubescence in A.fataa, 
in fatuoids, and in the several aberrant forms occurring in t!te species 
A. sativa and A, sterilis culta Md t^eir hybrids, ^ 

; w. 'jmjuBmm.-: 

We may now discuss these fresh facts in connection with the three 
hypotheses mentioned earlier (cf. p. 6). 
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•> 

The natural crossing hypothesis. 

Against this hypothesis is the opinion generally held, which is sup- 
ported by evidence, that the A series fatuoids differ from, the varieties 
in which they arise only in the type of ^^ticulation, pubescence and awn 
development of the grain. 

Such defined and delimited characteristics, as Mlsson-Ehle(i8) and 
Akernian(i) maintain, would no’!^ invariably occur if fatuoids originate 
by natural crossing with A, fatua, ioTm^uch. cases other plant characters 
would be introduced by the cross, and the resulting natural hybrid 
should show complex rather than simple segregation as generally occurs. 

As demonstrated by Surface (2i) in artificial crosses between A. fatua 
and A, sativa va,r. Kherson, by Crepin(3, 4, 5) in natural hybrids between 
A, fatua and Golden Eais, and by Tschermak(23) in crosses between 
A, fatua and cultivated oats, complex segregation in respect of colour of 
grain, hairiness of the outer paleae and other plant features occurs in 
addition to the simple segregation in respect of the linked characters 
articulation, basal pubescence and awn. 

And further, if as Zade(26) contends, the observed hybrid may not be 

but it is still difficult to see how in the case of a heterozygous 
fatuoid, such as that of the variety Golden Giant, which is yellow in 
colour of grain, unilateral in type of panicle and eligulate, should, as a 
result of natural crossing with A. fatua, segregate into homozygous 
fatuoids, intermediates and normals, in respect of type of grain, and yet 
remain true-breeding and identical with the type variety in respect of 
unilateral panicle, absence of ligule and other varietal features. 

That natural crossing in oats does occasionally occur is generally 
admitted, but the examples recorded in the present paper, namely, the 
Avena nuda hybrid and the two black-grained fatuoids in the cross 
Victory X Red Algerian, support Nilsson-Ehle’s contention that such 
natural hybrids, when they do occur, show segregation in respect of 
plant characters other than, £yid*additional to, those which characterise 
the respective fatuoid and normal types of grain. The fatuoid or fatua- 
like segregates of such natural hybrids^are seldom, if ever, identical with 
the mother plant in general morphological characters, and this feature 
in itself stamps such forms as products of natural crossing and dis- 
tinguishes them from spontaneous heterozygous fatuoids; for in the 
latter, the characters by whick they differfromthe normal or type variety 
are solely the associated characters of awn, articulation and pubescence, 
and these are closely, if not absolutely, linked in inheritance. 
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Further, as a possible interpretaticm of tii<‘ siilnfai uoid an<l various 
''awiied’’ types, the natural crossing hypothesis is still less satisfactory, 
for here the aberrant forms are completely (iiffere!it in grain eharaeters 
from either normal A. saliva or typical A. Jaina plants. At tlif‘ same 
time, cfnd like the true fatuoid <|at, both tlie stroiigly awiml Ty\w A and 
the Type B strains differ from their respective mother plants only in awn, 
articulation and pubescence, and these charact(‘rs have b{*en shown to 
behave in inheritance as simple, linkeckind recessivi* imits in relation to 
the normal A, saliva type of gr^n,'^and as almost eomplet(‘ly dominant 
units in relation to the fatuoid kind of grain. Tjie fatmdd an<l ‘Aiwned'' 
types appear to be simple allelomorphs in relation !)oth to noinnal grain 
and to one another. ^ 

As an interpretation of the mode of origim of tlie suh-fatuoid and 
“awned'' forms as well as of A series fatuoicl^tln* natural crossing hypo- 
thesis appears to the writer to be wholly untenable, 

r 

The mutation hypothesis. 

According to this hypothesis, as stated by N'ilsson-KhliMisi, the 
initial heterozygous fatuoid arises through com{)le.\' gene mutation in one 
of the germ cells, and gives, in combination with the luirmai (ypif grain, 
simple Mendelian segregation. The fatuoid eomple.v beliave.s ac<‘or(iiiigIy 
as a simple gene. On this basis, the fatuoid sliouid ri'seinble tlie seed 
parent in all plant characters except those affected by tin' mutation, and 
this is exactly what has been generally found to occur. Tiie caiwe of 
origin of the fatuoid heterozygotes, as Nilsson-Elih' maintain.^, can under 
no circumstances be sought outside the strains in whicli they occur, but 
must be present in the genetical constitution of the specific; lines producing 
the fatuoids. 

On analogy with speltoid wheats, NiLsson-Kiile eonsid<?r.s that dis- 
sociation of the fatuoid gene-complex may occur, and that examples may 
appear in which the fatuoid awning occurs without the lionseshoe-shaped 
base, and conversely, the fatuoid base wit]iout tlie fatuoid awu. 

6ante(0) found plants with individual spikelets which showc'd awning 
on the second as well as on the first grains, and appeared to b<( examples 
of the kind expected by Nilsson-Ehle; but when studied the a,wning of 
the second grain proved to be of a fluctuating character, and wa.s not 
inherited by the progeny. Such plants and awn behaviour reseml)le to 
some extent those of Type D described abpve (see p. 16). 

The true-breeding Type A and Type B plants described in the prcisent 
paper (see pp. 12-16) appear to support Nilsson-Ehle’s position. In 
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these the strong, twisted and geniculate awns occur on both the primary 
and the secondary grains, and the horseshoe-shaped base is absent. But 
whether these forms should be considered as being actually due to the 
dissociation of the factors of the fatuoid complex is a point which is 
dealt with later. f 

For the fatuoid, sub-fatuoid and strongly awned types, the mutation 
hypothesis agrees closely with the experimental facts; for by mutations 
of varying degree in the '"noriSarV type chromosome of a particular 
gamete, and by the pairing of this chromosome with a ''normal’’ type 
chromosome at fertilisation, a fatuoid, sub-fatuoid or strongly awned 
heterozygote could arise which, in the following generation, would segre- 
gate into homozygous mutant, heterozygous mutant and normal types 
in a simple Mendelian manner. 

There is, however, a difficulty when this hypothesis is applied 
to fatuoids of the B series group. In the heterozygous fatuoids of 
this series, only 41 ^chromosomes are present (one of the "normal” 
chromosomes being missing), and by the random distribution of the odd 
("normal”) chromosomes, in meiosis, gametes possessing 20 and 21 
chromosomes respectively are produced. These, according to Huskins, 
give rise to zygotes with 40, 41 and 42 chromosomes, corresponding to 
the fatuoid, intermediate and normal phenotypes. In the absence of the 
"normal type” chromosome — which is the one that on Nilsson-Ehle’s 
hypothesis gives rise by mutation to fatuoids — homozygous fatuoids are 
produced. Fatuoids occur in the absence of the "normal” chromosome 
pair, and this is a serious obstacle to the general and straightforward 
application of a simple mutation theory. This aspect of the problem, 
however, will be further considered when the chromosome aberration 
hypothesis has been discussed. 

The chromosome aberration hypothesis. 

The chromosome aberration hypothesis, as applied by Huskins (14) to 
the interpretation of the origin of fatuoids in oats, Was first put forward 
by Winge (25) in explanation of the origin of speltoids in wheat. The analogy 
between the occurrence of speltoids in ^heat and of fatuoids in oats has 
been discussed by IIuskms(i4, 15), wht)se researches into the cytology of 
a number of these forms have convinced him that a causal relationship 
exists between chromosome numbers and cytological behaviour on the 
one hand, and of the spasmodic appearance of these aberrant forms on 
the other. The hypothesis involves a consideration of the phylogeny of 
the species concerned.^ ^ ^ ^ ^ 
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Both Tfiticum imdi Avena show three mam groups of species, viz. 
diploid, tetraploid and hexaploid, with 7, 14 aud 21 pairs of chromosomes 
respectively, 

Wmge(25) represents the hexaploid species as origiiiating by the 
triplication of the chromosom^^ of an origina! di{)loi(l and as 

carrying in the haploid condition three sets of eacdi of tlii^ seven basic 
chromosomes. The somatic complement in the hexaploid thus consists 
of seven dhtriploid groups' of chromos&iieB, each group laiiig made up 
of three pairs of homologous chromosomes widcdi, for <'onvtmimHie, he 

represents by the formula It is cone(Hle(rtha.t thes<* ilnw pairs of 
chromosomes are not strictly identical, H being r{‘garded as p<ws(‘SHing 
genes or determinants for the speltoid charaxdi'rs, a.n<l for the normal 
T. satimim, characteristics. The presence of |*he (^-ehromostmn^ pair re- 
stricts any expression of the speltoid characd.ers carricHl b}' the B pair. 
In other words, the distinguishing characters of are epistatie to those 
of 5. By the normal pairing of A with. A, B witli B, and with (\ the 

equilibrium of the di-triploid group is maintained], and a. fviw breed- 
ing progeny is assured; but if faulty pairing betwtam the B and 0 
chromosomes should occasionally take place. gamet(\s of thf‘ typo ABB 
and ACO mB,j be formed. Thus the pairing of ABB witli a normal {ABC) 
gamete would give rise to the initial lieterozygous speltoid gemotype 

which would segregate into the three zygotic eonihinaiioiis 

respectively the homozygous norniaJ, heterozygous 
speltoid and hom'ozygous speltoid genotypes), and these would occur in 
tile numerical proportions of 1 : 2 ; 1. The odd B-<4irornosome in con- 
junction with the odd 0-chromosome in the luderozygote simulate in 
inheritance the behaviour of a single factor. The .4 -chromosome is 
considered to divide in a regular and normal manmu*, Imt by tlu^ faulty 
pairing of B and 0 various univalent, trivalent and c|uax!rivakmt (diromo- 
some arrangements pccur. Moreover, and^accompatucal by mon^ (*omplex 
and irregular cytological conditions, other speltoid types may arise with 
chromosome complements deviajjing from the normal 2/y 42, number 

by one ox more chromosomes, plui^or minus. The ‘Mi-triploid group'’ in 
such cases presents excess or deficiency of either B or (J, aiid hik4i forms 
are highly variable in vigour and fertility. In tlieir brecHling behaviour 
they give rise to very irregular genetical ratios. 

In the application of this hypothesis to the closely analogous problem 
of the origin and production of fatuoids in oats, Huskins(ii) has intro- 
duced certain modifications. The di-triploid constitution of the hexa- 
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ploid species is accepted, but its mode of origin as applied to tlie Avena 
species is differently explained. Instead of direct triplication of an original 
diploid set of chromosomes it is maintained that the hexaploid species 
have arisen /'through the hybridisation of a tetraploid with another 
diploid species.” This means that the d|-triploid set consists of chromo- 
somes from two or even three different ancestral species, depending upon 
whether the original tetraploid parent possessed chromosomes of similar 
or dissimilar specific origin in its di-diploid set. The hexaploid formulae 

on the former assumption (two ancest]%.l species) is given as and 

on the latter (three ancestral species) as , in application to the 
species A, saliva, ^ 

The basic difference between the formulae of Hiiskins and of Winge 
is that of the time at whicbthe minor differences in the separate chromo- 
some pairs of the di-triploid set arise, Huskins’ hypothesis implies that 
these differences existed in the ancestral diploid and tetraploid species, 
while Winge conceives of a single diploid species giving rise to a hexa- 
ploid by direct triplication. In this latter case, all three pairs of chromo- 
somes in the di-triploid set must at their inception have been truly 
identical, and in the subsequent course of descent have diverged either 
by inherent germinal change or by natural hybridisation with one or 
more species of presumably a separate line of descent. This consideration 
raises the interesting points of whether the factorial differences which 
exist between the separate pairs of the di-triploid set are of recent or of 
remote origin, of the constancy of these germinal differences, and of the 
relative frequency of appearance in them of factor mutations. These 
points, however, need not be discussed here. 

A BO 

More recently Huskins (is ) uses the symbols in preference to 

or for the di-triploid chromosome group concerned, and these 
symbols will therefore be used in the present discussion. C now repre- 
sents a chromosome carrying the factors which determine T^he saliva or 
normal grain characters, and B the chromosome which carries factors 
concerned with fatuoid ox falua features of the grain. Accordingly 
the formulae for the heterozygous fatuoids of the ^ series will now be 

ABB’ heterozygous fatuoids of B series and for heterozygotes 
. „ . ABG 

of 0 series ^ ^ ^ 

Fatuoids of K series. In tlie pollen mother-cells of the ^ series group, 
42 chromosomes forming 21 pairs are stated to be a regular feature of the 
normal segregates, while the arrangement in the heterozygous fatuoid 
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is frequently 19 pairs, 1 trivalent and 1 univalent, and that in tlie homo- 
zygous fatuoid, 19 pairs and 1 quadrivalent. The presence in the hetero- 
zygote of a trivalent and a univalent in the same cell is, however, rarely 
found, and its demonstration appears to he a matter of much difficulty, 
especially in fatuoids of the A fieries group. Their occiuTence, however, 
is fundamental to this hypothesis, especially in relation to fatuoids of the 
A series group. 

From a comparison of the cytolofy of the three segregate types, 
namely 2^1 and it%as found that characteristic irregular 

. I ^ 

chromosome arrangements occurred fairly frequently in the ‘ j ^ and 
—^genotypes, quadrivalents in the latter/trivalents and univalents in 
the former, in place of the normal arrangement of 21 conjugating pairs, 
but they were not of general occurrence. 

According to Huskins occasional aberration (probably the 
formation of a quadrivalent) in the meiotic division of normal cultivated 
oats produces a gamete in which one particular chromosome-bearing 
fatua or fatuoid character is duplicated and another bearing normal type 
factors is absent. The union of this gamete with, a normal otie would 
produce a Type 1” (that is, an A series) ^'heterozygous fatuoirl.” 

Such a hypothesis carries with it certain theoretical and practical 

implications. In the first place, if the equilibrium of the chromo- 
some group is disturbed by faulty pairing between B- and 0-cdiromosomes 
resulting in univalents and trivalents being formed, individuals deviating 
from the normal 42. chromosome complement should, owing to this 
irregularity, be expected occasionally in some at least of tlie ensuing 
progeny. It is, however (and by Huskins’ definition), a cliarac^teristic of 
all the genotypes of this series that they possess 42 chromosomes, and 
this, it should be emphasised, in spite of the fact that whole chromosome 
differences between fatuoWand normal segregates are postulated, and 
that the odS jB-chrpmosome of the Eeterozygote must either (1) pair 
with 0, (2) remain unpaired, or (3) form a trivalent with the H pair of 
chromosomes, leaving 0 as an unpaired individual; while, rnoi-eover, it 
is held to be a condition of the constancy of equilibrium of the normal 
di-triploid group that pairs with A, B with B and 0 with 0, 

Further, only three examples of irregularities sucli as exet^ss or 
deficiency in chromosome numbers in fatuqids are on record, namely, the 
two strains described by Huskins and the one found hy Gouiden. These 
have been classed by Huskins as fatuoids belonging to the B and 0 
series groups. Such forms are of rare and exceptional occnrrenr(% show 
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abnormal segregation ratios, and are accompanied by dwarfness and 
sterility in all the members of the homozygous fatuoid genotypes. 

Secondly, on grounds of analogy, one would expect that some at least 
of the six remaining di-triploid groups of chromosomes would behave in 
a similar way, that is, they also shoulc^occasionally show faulty pairing 
between their respective semi-homologous chromosome pairs. But on 
the assumption that all examples of univalents, trivalents and quadri- 
valents in the cells in the genotypes under consideration are alone con- 
cerned with the fatuoid phenomenon, ii appears to be assumed that they 
do not. % . 

Thirdly, it is stated that the formula "^applies to fatuoids which are 
similar to the variety in which they occur in all respects excepting those 
comprising the fatuoid complex.’’ The hypothesis therefore implies that 
the ''0 ’’-chromosome paif differs from the ‘^5” pair only in the factor, 
or factor complex, affecting articulation, pubescence and awn develop- 
ment, and that the factor or factors for other plant characters, if any, 
borne by the B- and O-chromosome pairs are genetically identical, and 
therefore apparently interchangeable without causing change or modi- 
fication of any other genetical features of the plant. 

The fatuoid type described in the present paper as occurring in the 
variety Golden Eain could not, therefore, be included in the A series 
category — although the phenotypes are of equal vigour, as indicated by 
height and number of culms, and also carry, in all probability, the normal 
chromosome complement. To include this form with the A series it would 
be necessary to admit that the B chromosome differs, from 0 in respect 
of a factor for spikelet production. 

Further, in respect of the sub-fatuoid oat we must either have re- 
course to mutation to supplement the chromosome aberration theory in 
order to provide a satisfactory explanation of the origin of this type, for 
in this oat the spikelets differ from the common fatuoid type by a small 
inherited difference affecting floret articulation, or we mus^) assume that 
the jB-chromosome of this strain differs from the jB-chromosome of 
practically all varieties which hitherto have given rise to fatuoids. 

Fatuoids of B series. In connection with the fatuoids of B series, on 
the other hand, there us, as very clearly demonstrated by Huskins, a 
marked correlation between the irregular cytological behaviour and 
chromosome numbers on the one side, and genetical ratios and pheno- 
typical vigour on the other. The complete absence of the O-chromosome 
pair results in the production of homozygous fatuoids of sub-normal 
vigour and stature, possessing rather fewer spikelets, most or generally 
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all of wMcli are sterile, and in which irregular segregation ratios occur. 
It is evident that the segregation ratio is here very probably associated 
with the chance distribution of the odd chromosome in the hetero7.ygote, 
and the chromosome aberration hypothesis undoubtedly offers an ade- 
quate interpretation of the obse|ved phenomena. 

Fatuoids of Q series. Here the chromosome aberration hypothesis also 
meets the case, for whole chromosome differences are a regular oeciirreiice, 
and the irregular genetical ratios are suCh as would be expected to arise 
where very irregular cell-divisioi|fS occur. 

Such evidence suggests that the chromosome aberration iiy|-)othesis 
as outlined by Huskins has limitations, especially in its a])pIication to 
A series fatuoids, which, from their relative abundance, constitute the 
main fatuoid problem. The hypothesis therefore cannot be held to be 
a satisfactory elucidation of the main problem at issue; it certainly fits 
the exceptional cases, the B and G series fatuoids, remarkably well, but 
the regular occurrence of 42 chromosomes in all phenotypes of A series 
fatuoids, and the equal vigour of all the segregates, are not features wiiich 
would be expected normally to accompany phenomena arising by 
chromosome irregularity. Moreover, the demonstration of a factor for 
low spikelet number, behaving as a linked unit in rcdation to the fatuoid 
complex in the Golden Rain fatuoid, is evidence of the ocauirrcmee in the 
B- and C~chromosomes respectively of factors otlier than thost^ deter- 
mining or restricting the fatuoid complex. Hence to accept the chromo- 
some aberration hypothesis, we must assume that all fatuoi<is hitherto 
described have B- and 0-chromosomes possessing similar factors for 
spikelet production, and also that in the course of their recent d(\s(*ent, 
i.e. from their inception as polyploids, they have uiuhu^gone pas*allel 
genetical variations; for it must be admitted that in so fai* as spiku^let 
producing capacity is concerned the numerous varieties of A. safira show 
very marked characteristic and inherent differences. 

To take the case of the fatuoid of Fulghnm, a variety pf)ss(!ssing 
A. sterilis eulta characteristics— the marlce4.similarity betwecm the normal 
and fatuoid segregates in spikelet production and their general agrecmient 
with the parent variety in all plant characters except typ<‘ of grain is 
exactly parallel with the behaviour and chatSicteristics of A S(U‘ieB 
fatuoids of sativa varieties. This, however, is the more remarkalde if, 
as Huskins (13) contends, the cultivated variety Fulghnm probably 
originated relatively recently by natural crpssing with A. sativa, and the 
origin of its JS-chromosome is due to this cause. Uruhn* such circum- 
stances the jB- and 0-chromosomes would be expected to carry dis- 
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similar factors in respect of the spikelet-producing character. A. sativa 
varieties generally possess a higher average number of spikelets per plant 
than do members of A, stenlis culta; it would therefore be reasonable to 
expect the 5-chromosome in Fulghum to carry a factor or factors for 
spikelet number different from that carped by the (7-chromosome of this 
variety; and on the chromosome aberration hypothesis the extracted 
fatuoid and normal segregates should show linked differences in respect of 
spikelet-producing capacity. There is, however, no evidence of this in the 
progeny of the Fulghum fatuoid x normal cross (see Table VI, p. 33). 

Further evidence of tiie lack of identity between the (7-chromosome of 
A. sativa and the 6^-chromosome of stenlis culta, apart from the factor 
or factors which determine 4}heir main species distinguishing characters, 
is provided by the occurrence in the (7-chromosome of the latter of a 
factor which converts the strong, twisted awn characteristic of fatuoids, 
and of A. fatua, into a weak, non-twisted awn. This factor is possessed 
by, and peculiar to, certain A. stenlis culta strains, whilst it is absent, for 
A, stenlis muxima. 

These details add considerably to the difficulty of assuming that 
similarity between the B- and the (7-chromosomes which is involved in 
the chromosome aberration hypothesis as at present elaborated. 

The sub-faluoid and true-breeding, strongly awned ty^es. It is, however, 
when considered in relation to the origin of the sub-fatuoid and the 
Type A and Type B strains, that the general inadequacy of the chromo- 
some aberration hypothesis is most apparent. Although not put forward 
in explanation of such types, owing to presumed fundamental differences 
in respect of their mode of origin, the data reported in the present paper 
nevertheless demonstrate the allelomorphic nature of the fatuoid and 
strongly awned types, and the close relationships that exist between the 
several aberrant forms. Like fatuoids, the sub-fatuoid and true-breeding 
''awned” types show the same general inherited characteristics, in that 
they differ from the normal by a single factor-complex which behaves 
as a simple unit in inheritanc#, while in other plant^characters they show 
complete similarity with the mother plant from which they arise. These 
features, presumably, may be held to indicate that the factors which 
determine the different} aberrant focms, both fatuoid, sub-fatuoid and 
awned types, are located in one and the same chromosome, and that 
these several types have a similar and related mode of origin. There 
appears, therefore, to be n# justification for explaining the origin of 
fatuoids by chromosome aberration, and of strongly awned types by 
crossing-over and/or factor mutation. 
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Moreover, certain theoretical considerations are opposed to the 
acceptance of Huskins’ suggestion that the origin of the triie-breeding, 
strongly awned types— the Type A form— may be duo to crossing- 
over between '‘semi-homologous” chromosomes. This mode of origin 
implies*' the pairing of a B- withf^ O-chromosome, and of tlie occurrence 
of crossing-over between them. Pairing of this kind, bowever, has lieen 
suggested by the same author as being instrumental in the production 
of heterozygous fatuoids; this bein^so, on the basis of the crossing- 
over hypothesis, these strongljjr awned forms should ocmir in some 
definite percentage frequency in the progeny of this genotype, and also 
always in conjunction with the latter. The data obtained in this investi- 
gation give no evidence of their occurrence «in this way, for neither the 
sub-fatuoid nor any of the strongly awned types have arisen in con- 
junction with fatuoids. 

In explanation of the origin of the strongly awned types, we are, 
therefore, left with Huskins’ alternative hypothesis of factor or gene 
mutation. But if the mutation hypothesis is a satisfactory explanation 
of the origin of these, and the data support this view, we miglit quite 
reasonably ask: Why adopt a mutation hypothesis in respect of the true- 
breeding “awned” types and a chromosome aberration interpretation in 
respect of fatuoids, seeing that fatuoid, sub-fatuoid and “awned” types 
are related phenomena and behave one to another as allelomorphic units’? 

There is, however, an obstacle to the general application of Nilsson- 
Ehle’s mutation hypothesis which has already been ref(‘r!*(^d to above, 
viz. the occurrence of homozygous fatuoids in the absence of tlio ' ' normal ” 
chromosome pair. Thrs difficulty, however, is more apparent tluin real, 
depending upon our interpretation of the action and intor-aetion of the 
genetic factors, and of the constitution of the general chromosome 
complement. 

If, instead of the former^ belief (upon which the present mutation 
hypothesis in/elation to fatuoids was based) that the cultivated varieties 
of oats possess 21 diploid chromosomes, accept the .new(U’ tlH*ory of 
the polyploid origin and di-triploid chromosome constitution of t-lie 42 
chromosome species as formulated'^by Huskins in relation to his chromo- 
some aberration hypothesis, the difficulty of elplaining t\w origin of 
fatuoids in the absence of the “normal” chromosome pair disappears. 
For on this interpretation the factor or factors which determine fatuoid 
type of grain on the one hand, and normal type on the other, are assigned 
to separate chromosome pairs which we may call tlie “bituoid*’ and 
“normal” chromosome pairs respectively; the factors in the normal 
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ctromosome being epistatic to those in the fatuoid chromosomes. Ac- 
cordingly, the complete loss of the ^‘'normal” chromosome pair (as in the 
B series homozygous fatuoid) is equivalent, in so far as articulation, 
pubescence and awn characters are concerned, to a latency or loss mutation 
of the factor or factors which determineinormal type of grain. Hence, in 
the absence of the '' normal ’’ chromosome pair, we should expect to obtain 
plants of homozygous fatuoid phenotype. 

The ''fatuoid’’ and "normaf’ chromosome pairs, however, probably 
carry factors other than, and additional^to, those aifecting awn, articula- 
tion and pubescence, a»d therefore, in the absence of the "normal” 
chromosome pair, associated differences between the fatuoid and normal 
segregates in characters other than those mentioned would be expected 
to appear. Actually there occurs in the B series group (and in the C 
series also) a reduction in Ifeight, tillering capacity and spikelet numbers, 
and a general lack of vigour and fertility, associated with the fatuoid 
genotype; but to what extent these associated differences are wholly, or 
even partly, due to the absence of the "normal” chromosomes, or to the 
unbalanced condition of the cell arising through chromosome disarrange- 
ment and deficiency, it is difficult to say. It is apparent that the 
"fatuoid” and "normal” chromosomes carry factors other than those 
which determine the fatuoid and normal types of grain, and that they 
are in consequence not interchangeable in the sense demanded by the 
chromosome aberration hypothesis. To bring these facts into line we 
suggest the following hypothesis. 

A modified mutation hypothesis. 

If we accept the polyploid origin of the species in question, and adopt 
the formula employed by Huskins to denote the particular di- 
triploid chromosome group concerned with the fatuoid phenomena, we 
may conceive of the origin of the several aberrant grain types discussed 
above in the following manner. • ^ 

Assuming the .B-chromosame to carry factors, amongst others, for 
fatuoid 01 fatua type of grain and for low spikelet numbers, and 0 to 
carry factors for normal or sativa type of grain, and for high spikelet 
numbers— the factors of C being epistatic to those oi B — then, the 
occurrence of a factor mutation in C would unmask its hypostatic factor 
counterpart in B, and so give rise to grain types characteristic of and 
inherent in S. The extent which factors borne by S would find 
expression would depend upon the nature and extent of the mutation 
occurring in (7. 
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Thus by mutations of different degrees of complexity in CV wliicli we 
may designate Ci, etc., the several heterozygous mutant types 

would arise; for example, might represent one type of mutant 

hetero/ygote, another and still another type; all of 
which would show simple segregation in relation to the normal type of 
grain, behave as simple allelomorphs in relation one to another, and give 
simple segregation on inter-crossing. 

On account of specific differences between the 0 -chromovsoni(‘s of 
A. sterilis culta and A. sativa respectively, and qi the existence of closely 
parallel mutations within the two species, it would be nectsssary to nnike 
a distinction between the formulae for thesertwo species. We may there- 
fore represent the particular di-triploid group concerned in the A, ^sferilu 

culta species by the formula j^jj, and coiifiiie the formula to 
members of the A. sativa species. 

Accordingly, for the various mutant forms so far observed in A. saMva, 
the respective formulae for the heterozygous individuals, in order of in- 
creasing complexity, would be: 


For the strongly awned Type A ... 
For A series fatuoid 
For Golden Eain fatuoid ... ... 

For the B series fatuoid ... 


AIi(^ 
AH(\ 
A !l(^ 
AHi\. 
A nr 
AB(\ 
ABf’ 
A no 


Similarly, in respect of somewhat parallel forms arising in the spf‘cit‘s 
A. sterilis culta, the formulae for the heterozygous plants would be: 


For Type C ... 

For weakly awned ... ... 

For Type B ^ ... 

For sub-fatuoid ... ... r. ... 

For the A series fatuoid of Fulghum 
For the B series fatuoid ... . . . « 


ABl> 
A HIK 
Alii) 
AlilK 
AHh 
A fill, 

Ann 

Amn 

Ann 

Ann, 

A Bi> 
iBo 


The C series heterozygous fatuoids in A, varieties would, on 

this basis, be denoted by 25^2" » and of J . sterilis culta, by 

ABD ABD ^ 

AMD ^^ ABDfi^ 

Hence it follows that the factors for awn, articulation and basal and 
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racliilla pubescence are located in the 5-cbromosome pair, and that the 
extent to which any or all of these find phenotypical expression depends 
upon the presence or absence of their epistatic counterparts in the 0- or 
D-chromosome pair. , 

So also the weak, non-twisted awn \Jiich is of frequent occurrence in 
A, sterilis culta varieties depends upon the same basic ‘^awn factor” as 
the awn in A. sativa varieties, but its expression as a weak non-twisted 
awn in the normal and lieterozy^us fatuoid segregates is due to a factor 
or factors present in the D-chromosonie. This conclusion arises from 
the study of the crosses Fulghum fatuoid x normal and Fulghum 
fatuoid X Grey Winter (^. normal. 

Hence, the fatuoid awn,»the so-called cultivated awn of A, sativa 
varieties, and the weak, non-twisted awn of A, sterilis culta varieties are 
all individually dependent tipon this same basic awn factor,” and the 
phenotypic expression of the awn as a ''fatuoid” awn, a "cultivated” 
awn, or a "non-twisted” awn depends upon the presence or absence of 
epistatic and/or modifying factors carried by the G- or D-chromosomes, 
as the case may be. 

Raurn and Huber ( 19 ) found that the awning frequency in the hetero- 
zygous fatuoid and homozygous normal genotypes showed distinct 
variations from season to season, awns being most frequent when low 
rainfall coincides with the time when the awn primordia are laid down; 
but they found no such variations to occur in the homozygous fatuoid 
awn. They concluded that the "restricting” gene {Hemmungsgen) of the 
awning is influenced by external conditions, but that .the "awn” gene 
{Gmnnengen) is not affected. A distinction is thus made between a basic 
or "awn” gene, and a modifying or "restricting” gene. 

Pubescence is fundamentally deemed to be of the long, dense, bushy 
type as seen in those fatuoids with long pubescence. In the normal 
and the heterozygous fatuoid genotypes, the density of the pubescence 
is generally modified and restricted by factors occurring.., in the G- 
(A. sativa) or D- (A, sterilis cuMa) chromosomes. IW length, however, is 
governed by at least one factor which, when present, reduces the 
pubescence from "long” to "short.” This factor is inherited independ- 
ently of the fatuoid and normal grain ^ype characters. 

The form of articulation, or attachment of the spikelets and florets, 
is regarded as being fundamentally of the fatua or fatuoid type, and its 
factors hypostatic to those determining normal attachment in A. sativa 
dijid A, sterilis culta YSi,iieties>. 

Briefly the basic awn type seems to be the fatuoid or/ato type; the 
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basic articulation, the liorseshoe form; and the basic piibesceiice, the 
dense, bushy type. These three characters are closely, if not absolutely, 
linked, and constitute the basic /ato or fatuoid character complex. In 
the grain of cultivated varieties of both A. saliva and A. slrrilis cnlla 
species their phenotypical exprelsion is variously affected by tln,^ |,)reserice 
or absence of epistatic or modifying factors, madnly located in tini (J- or 
D-chromosomes. These latter determine the varied expressions of awn, 
articulation and pubescence met wjth in the several cultiva.te(! varieties 
of these two species, and mutations in them probably determinti the 
various aberrant fatuoid, sub-fatuoid and strongly awned types of 
A. saliva Sbiid A. sterilis culta. 

r 

VIL SUMMARY 

Nine fatuoids are described which were fcfand in commen‘.ial \%arieties 
of oats. Those present in Fulghum, Orion, Ceirch-du-bach,, Bcotcli Potato 
and Eoyne, possessed long basal pubescence, whilst those occurring in 
Cornellian, Golden Giant and Record had distinctly short pubescence. 
From the breeding behaviour of the heterozygotes and the gene rat vigour 
of the fatuoid intermediate and normal segregates, these scnan-al varietal 
forms appear to belong to the A series group (Iluskins' classification). 

In Golden Rain a fatuoid was found differing from the norma! strain 
in spikelet number as well as in type of grain. The extracted sijgregates 
in this form showed definite association between fatuoid grain and low 
spikelet number. This fatuoid has been previously shown (iC) to differ 
from the normal. in the absence of yellow colour in the grain, aaid con- 
sequently differs widely from fatuoids of the A series type. 

Fatuoids are also described which appeared in the /Cj and genera- 
tions of artificial crosses between A. stenlis culta and A, saliva, and 
between the latter species and A. These all agree in general ex- 

ternal characters with fatuoids of the A series type. Two of the sjaaimens 
originated by natural crossing with other fatuoid plants in the 
generation; the reifiainder probably by mutation. 

A peculiar sub-fatuoid mutant is described from an l^\ fa,mily cx 
Red Algerian x Golden Rain. This breeds true to its characteristic type 
of partially disarticulating florets 'and freely shMding spikelets. 

True-breeding strongly awned and other types differing variously 
from typical fatuoids were found in Ceirch-du-bach and Norwegian Grey 
oats, and in the progenies of Victory x Red Algerian and Red Algerian x 
Scotch Potato. Four types, designated Types A, B, C and D respc^ctively, 
were distinguished and separately considered. 
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Crosses between fatuoids and normal strains of several varieties, 
between fatuoids and certain strongly awned types, and between fatuoids 
of the species A. sativa and A. sterilis culta were studied, and the records 
point to simple allelomorphic relationships between the several abnormal 
forms. ' ■ . I 

The partially solidified base, basal pubescence and weak, non-twisted 
awn characteristic of certain A. sterilis culta strains are shown to be 
associated in inheritance, and to behave as a simple allelomorphic group 
to the normal. The weak, non- twisted awgi is probably genetically similar 
to the strong, t^^isted a^wn, its characteristic phenotypical expression 
being due to the presence of a modifying factor carried by the normal'’ 
or D-chromosome in certain A, sterilis culta strains. 

A simple factor modifying length of pubescence in the fatuoid oat was 
found to be inherited independently of either fatuoid or Type A kind of 
grain. 

Factors for black and non-black colour of grain showed independent 
segregation in relation both to fatuoid and to Type A grain. 

The cross Fulghum {A. sterilis culta) fatuoid x normal, and reciprocal, 
like crosses of fatuoid x normal of A, sativa strains, gave only simple 
segregation; the fatuoid line plants invariably bred true. 

Fulghum fatuoid x Grey Winter {A, sativa) normal also gave uni- 
factorial segregation. 

With the exception of five plants which were probably natural 
hybrids, Fulghum fatuoid x Golden Eain {A, sativa) fatuoid gave 
nothing but fatuoids in and Fg* ^ proportion of empty 

grains, however, occurred in the plants. 

Avena nuda fatuoid x Scotch Potato normal gave approximately 
monohybrid segregation, but agreement with expectation was not very 
good. 

In crosses between Ceirch-du-bach, Supreme and Scotch Potato 
fatuoids, and the Type A strain of Ceirch-du-bach, there was no break-up 
of the associated characters, h#rseshoe-shaped base, pubescence and awn 
of the fatuoids on the one hand, and of the partially solidified base, 
pubescence and awn of the Type A grain on the other. 

The three main hypotheses of the* origin of A series fatuoids are dis- 
cussed with special reference to fatuoids, sub-fatuoids and the various 
strongly awned types, and a number of theoretical and practical limita- 
tions pointed out. • 

Genetical differences between the respective ‘‘normal” chromosomes 
oi A, sativa and A, sterilis culta are demonstrated and discussed, and 
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separate formulae are given for the somewhat paraliei series of munitions 
that were found to occur within these two species. 

A modified mutation hypothesis of general applieal i< m i o fat uoitls as 
well as to the various sub-fatuoid ami true-breeding "awned'' types is 
submitted in place of the chrofaosomo aberration liypotlie.sis. 
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EXPLANATION OF PLATES. 

^ Plate I. 

(All figures much enlarged.) 

Fig. i. Ventral view of lower grain of the sub-fatuoid mutant oat, showing horseshoe- 
shaped articulation, short* pubescence and a basal fracture of the rachilla (as in 
A. sterilis cuUa) — see also Plate II, fig. 21 (b). 

Fig. 2. Dorsal view, ditto. ^ 

Fig. 3. Dorsal view of sub-fatuoid second grain, showing pubescence and attachment of 
the rachilla. 

Fig. 4. Ventral view of sub-fatuoid second grain, showing the partial articulation surface, 
or cleavage plane, at the apex of the adhering rachilla of the primary grain. 

Fig. 5. Ventral view of the base of the sub-fatuoid second grain (third grain attached 
above), showing apical fracture of the rachilla and the basal cavity. 
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Fig. 6. Ventral view of lower grain of Type B mnitmi, whewin- 

articulation, basal pubescence and a basal fraciure of tltt* raohilh ^*0 -iKu 

Fig. 7; Dorsal view, ditto. 

Fig. 8. Ventral view of second grain with racliilla of priniarv isvnm aitarhod Xotc com 
plfJte absence of any cleavage or fTticn{ati(»n surfaces aiid the cniliiiiriw.n 

the racliilla with the base of the Ibcond grain. ' 

Fig. 9. Dorsal view, ditto. 

Fig. 10. Ventral view of the base of a spikelet of Typ<* l>, sliouiicj a fairh coujoh^idv 
solidified base (as in ^1. saliva) and complete;. lOHcm-c of pubescence -set* 'also Phtc ir 
fig. 22 (c). ' V ' ' 

Fig. 11. Ventral view of a fatuoid of tile variety (Virchaiu-lueh (J. .vo//rul .showin« 
horseshoe-base and long pubesceifje-- see also Idatc 11. iiy. 2n p/j. ' ^ 

Fig. 12. Ventral view of a lower grain of normal Ceitch-du-baciv sc'c also Pktc 11 
fig. 20 (c). 

'J’yF' A inutaid of iVirch^thuhivh. Xofc Kcmi 
sohfhfied^ basal articulation and long and fairly dense pubesei*m‘e --see al.so Plate II, 

Fig. 14. Ventral view of a fatuoid showing “short’' |)HbcHc<uuM% 

Fig. 15. Ventral view of a fatuoid showing “long" jiuIk secnce, 

Plate II. 

(Figs, much enlarged: remahifkr appronmah iff vai ami Mi -j,) 

Kg. 16 Dorsal and ventral views of pedicels of a fatuoid oat. Xofu iarue callua residues 
at the apex of the pedicel and the oblique line of c*h*u vage. ’ ^ 

Fig. 17. Callus residues in .rypo A plants. I^ote their eknivam* surface^ and intermediate * 
character as compared with Figs. 16 and 19. ™ 

Kg. 18 Callus residues on the pedioek of weakly awned plant. s llc<l Algerian x Scotch 

Potato. Note similarity to those of Fig, 17. ^ ^ ^ 

Kg. 19. Callus residues on pedicels of cultivated or normal (A. wfiVu) plants. Note the 
very small callus residue and its transverse fracture. > I ■ t™ 

Kg. 20. (a) Spikelets and grains of the Type A mutant m CVirch-du.I.ach. Note all -rains 
are strongly awned: base of second grain glabroua and Holidiiic.i as in ( Vir.-ii-du ha” 
normal. (6) fepikolets and grams of heterozygous Tyja' A x normal Ccindi-du-hach 
Skcttbal "wmal Ceirch-du-bacdu (d) Spikelets and grains of fatuoid 

Kg. 21. (a) Lower and upper grains of Fulglmm (A. aferife ,•«//«). K-ft : fatuoid Ili-hf 
normal (b) fep.kelete and grams of the sub-fatuoid mutant. Note t he awn.-d co, . T n 
® “n the florets in the Hpikclcfa. (r) Npik<d.d,s and ^.lin" 

Left, of the Typo B mutant. Bight: of the normal or parent Hfruiu 

Kg. 22. (a) Spikelets and grains of a segregate of Bod Rustproof x Seote’h Potato showine 
weak, non-twistod awns: alsct basal pubescence of the iowi-r greiii. (h) Snikelel, 'ind 
grams of lype C, showing very strong, twisted and geiiieulal,. awn of the ,ri,n a v a 
the awnless nature of the s^ondary grama.-'(c) Spikelets and grains of T ; ow - 
long, tested and gSniculate awns on all lower'jrain.s and on' lausmiom i ,le »;.! .1 , 

(d) Spikelets and grams of Scotch Potato (A. mlivu). Left: fatuoid, I igl t non i 
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ON THE OCCURRENCE Q¥ \ XX MALES IN LE- 
BISTES, WITH, SOME :^EMARKS' ON AIDA'S 
SO-CALLED ^^NON-DISJUNCtoNAL’' MALES IN 

APijOOHEILUS. 

\ ■ 

By'O. WINGE. 

{The Genetic Laboratory of tM Royal Veterinary and 
Agricultural College, Copenhagen.) 

L Introduction* 

While, as a general r^le, the females of Lehistes reticulatus a^te 
phenotypically plain greyish, and the males coloured in various ways, 
the former occasionally develop some colour and on the whole show male 
characters. In certain cases the anal fin is even transformed into the 
characteristic male gonopodium. This fact was mentioned in one of my 
earlier papers on Lehistes (1927), and Blacher reported similar observa- 
tions in 1926. Both Blacher and I observed that the sex glands in such 
circumstances might contain both ovarian and testicular tissue. 

As was to be expected, the coloured females assume the colours 
according to their genetic constitution, as shown in Figs. 15-17 of my 
1927 paper. 

Further investigation has revealed several cases of such a partial sex 
alteration, and it is noteworthy that the male seconda5?y sexual features 
are especially prone to appear in the females of certain Lehistes races, 
sometimes quite a number of sisters without exception being altered in 
this way. ^ 

As I have' formerly (1927) shown, there is nothing to hinder such a 
partially masculine female from functioning*as a female and giving birth 
to normal offspring. 

The fact that this alteration of the females in the male direction was 
to be observed only in certain Lehistes races clearly points to differences 
in genetical constitutioj^ in such races, and hence to the possibility of 
producing, by suitable crossings, individuals in which the gene combina- 
tion Was of such a kind that the sex alteration becomes total. 

As already shown (1922 a, h, 1923, Lehistes females are homo- 
gametic, AZ, while the male^ are heterogametic, containing an Z- and 
a F-chromosome in the somatic cells. Both Z and F may contain genes 
for the development of colour patterns ; in fact, the F-chromosome 
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always carries a disposition to colour, wdiereas tlie .Y-cliromosomc‘ may 
be empty. . Crossing-over takes place both, between tin* in tiu^ females 
and between X and Y in the males, and this last fa(*.t prov(‘s thai tia^ sole 
real difference between X and Y is that the y-ehromosonn* contains a 
dominant male-determining gene, while X contains t‘ither ;i ri.*ceHmve 
female-determining gene or no specific fejpialc game iit all. For, if this 
were not the case, the difference betwe^i X and Y must be gradually 
blurred by continuous crossing-over, which does not happen, asgtmetic 
experiments clearly show. 

Hence, in Lebistes there must be a single superior, ('pistatie tnah^ gene 
in the F-chromosome, decisive for the sex determination; a. marked 
difference from Droso'pMla melanogaster^ where the presiau^e or absence of 
the y~chromosome is immaterial. Further, tairiita* invt\stigations 
made it likely that a series of allelomorphic mah^-dtdeianiinng gmies 
occurred in the y-chromosome of the various Lvhistvs races, ilie male 
gene in the different races giving a differcmt colour j)attern. 

A series of investigations on the topograph}' of tin* I'-tthromosome, 
especially on the location of the male gene in j‘t‘lation to the rest of the 
genes, will be published on another occasion. Here we shall deal only 
with the genotypically conditioned sex shift in the fmnah*s. 

II. PbODXJCTION OF ZX MAUKS. 

The females which in my experiments have slunvn a tendency to 
alter in the male direction are such as are homo- or lietfum-zygous for the 
genes Coccineus Vitellinus'^ in the Z-chromosomes, ZVr», ri n 
or Xq X(jo,n> ^bo such as possess the genes Lniem f Tigriuns in Z, 
^Lu, Ti ^Lu,Ti^ and somctimcB also femiiles with the 

Elongatus-gme, EL 

A cross between a female and a male 

produced a very interesting "result. ''Ma'' denotes th<‘ gene Mandaim, 
which is one of the allelomorphic male" gepes; this gene lias iiev(*r, even 
among tens of thousands of individuals, been tratismit.te<i fn a female. 
It is firmly attached to the F-chromosome and is transmittfM! camstantly 
from father tO' son, generation aft^ generation/aiid must Im considered 
as identical with the male gene itself. 

1 As misundersta^ndingsliave’ arisen from my formerly designating all tlie genes with 
small letters, in conseqnence of which they have heon wrongly regurdtHi an recessive, I 
shall here designate them with capital letters to signify more clt-arly that their effect 
is visible in a single dose. The recessive alternatives (aiieioiaorphs) are all equal to 
zero. 
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The result of the cross mentioned might be expected to take the 


following course; 


? (No. 1153) S (No. 1103) 


^Oo, n ^Oo, Vi 


% 


^Co, Vi Ti ^ 

'm 

?? 


Ti ^ Ma 



Co, Vi ^ Ma 
C?(? 


Hence tlie colour patterns of all the sons (as pictured in the coloured 
J)lates of my 1927 paper^ would be expected to show the three genes 
Coccineus, Vitellinus and Maculatus, while the biotype of the females, as 
is known, cannot be judged from their appearance. 

The result was, however, that among 58 sons 55 were of the expected 
type, while 3, which lacked the Maculatus gene, contained Coecineus, 
Vitellinus, Luteus and Tigrinus — viz. the genes that were to be expected 
in the daughters. As regards sex, these three were completely normal 
males. 

There are two possible explanations. We noight suppose crossing-over 
to have occurred between the X- and the Y- chromosome of the father, 
so that Lu -f Ti had been exchanged with Jfa; but this eventuality is 
excluded by the circumstance that the Maculatus gene has never once 
shown crossing-over among tens of thousands of 6ases. Hence the 
appearance of 3 cross-over males among 58 is almost inconceivable. 
The second possibility is that the three males contained XX and were 
chromosomally females. This hypothesis is, of course, verifiable, but it is 
a not unlikely one since both Co, Vi and Lu, Ti females, as already 
mentioned, are apt to develop male characters. 

The crucial experiment consists in pairing the supposed ti 

males with X^ Xq females, i.e. with females that contain no colour genes 
in X, and have shown no tendency towards the development of male 
characters. All the progeny receive two X-chromosomes and should be 
female, though there is, of course, tfie possibility that some few of the 
XX individuals might be totally or partially masculinized anew. 

This pairing was made for the three males (see scheme below), and, 
as was expected, all the progehy were females. The three males produced 
101, 140 and 73 daughters, respectively, a total of 314. They were all 
characteristic females, though a few showed faint indications of colour, 
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especially in the caudal fin, where the yellow colour conditioned by the 
gene Luteus was faintly visible. 


« 


Iformal $ Homogametic 



Considering that my experiments with Lebistes, whidi cover a long 
series of years, have never before given a pr(%eny oE females only, the 
proportion being generally about 1 : 1 (in several species of Pcadieiides 
there is a surplus of females; cf. Geiser, 1924), this result must be con- 
sidered a valid proof that the three males mentioned have a XX chromo- 
some set, and thus are homogametic. 

Again, half of the daughters of the XX males must contain X^ 
Yi and the rest this cannot be ascertained directly, but 

the five females taken out at random for a test corresponded to this 
expectation. By crossing them with X^ males, one proved to belong 
to the former type and four to the latter. 

By back-crossing the XX males with their own daughters, so far 
only females were. produced, 107 altogether, several of wliicli, however, 
showed male characters. No completely male individual has hitherto 
been observed. 


HI. The quantitative natube of the sex difference. 

The possibility of producing ZZ males in Lebistes is interesting in 
several ways. It shows that not only the F-chromosome contains a male- 
determining gene, but that also the Z-chrumosomes themselves contain 
genes influencing the sex determination. In certain races, however, 
this influence may be only faintly female, or it may be as much male 
as female, or else it may even appear as a male-determining tendency. 
The theory that the difference between male and female is not of a 
qualitative but of a quantitative nature, as developed more especially by 
Goldschmidt and Witchi, receives strong support from these facts. 

Thus the possibility drops, which I had not formerly dared to exclude, 
that the male-determining gene in the F-chromosome in Lebistes was in 
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the main restrictive of the female sex, and that there were no specifically 
sex-determining genes in the JT-chromosome. The experiment proves 
the presence in the X-chromosome of one or more sex-determining genes 
of a now more female, now more male nature, whereas it is not proved 
that the male gene of the F-chromosome has an allelomorph in the 
X-chromosome. 

What has further been m^e clear in this experiment is the fact that 
the autosomes, as I have also formerly presumed {l.c, 1927), contain sex- 
determining genes, for this alone will explain the circumstance that only 
3 out of the 58 XX aCimals were males. ti not in itself 

suflicient to bring about male sex. Only about one-sixteenth of the in- 
dividuals of this formula developed into males, which may be considered 
a proof of a sex-determining co-operation of autosomal sex genes. To 
conclude from the evidence that about one-sixteenth of the XX animals 
were males, that just two recessive autosomal sex genes had a share in 
the sex determination, is, however, hardly permissible. 

The case is especially interesting in that the Teleosteans are so far 
the only example of the fact that within closely related organisms the 
male sex is heterogametic in certain types (Lebistes — Winge, Aplochei- 
lus — Aida) and the female sex in others {Platypoecilus — Gordon, Fraser). 
Since it is possible to produce homogametic males in Lebistes, the 
question arises whether it is possible to find or to produce heterogametic 
females. It is no doubt exclusively a question of the strength of the 
respective male or female dispositions, whether the male or the female 
is heterogametic. Schematically expressed, it may be said that if the 
genes of the X-chromosome with a female tendency are stronger than 
the genes of the F-chromosome with a male tendency, then female 
heterogamety is possible; whereas, if the masculine tendency of the 
F-chromosome is stronger than the feminine tendency of the X-chromo- 
some, the male heterogamety is possible. *As to the homogametic sex, 
the experiment clearly shows that it is possible by a proper selection to 
produce both homogametic iHales and females that* are able to function 
normally. In all circumstances it is obvious that the difierence between 
the two types of heterogamety, generally regarded as essential, may 
not be significant. 

IV. Some remarks on Aida’s so-called non-dis junctional ’’ 
MA'm^ m Aploqheilus. 

In a paper on his further studies of Aploeheilus (1930) Aida gives an 
account of some interesting results, which he tries to explain on the 
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supposition of non-disjunction. There are, however, as yet no cytological 
investigations in support of this hypothesis, and I feel convinced that 
Aida's results have nothing to do with non-disjunction, but are to be 
explained in the same way as the aberrant males in Lcbi.sies discussed 
above. 

Aida crossed heterozygous red Aplochdlns males Xj, F,^ with white 
females and, as was to be expe«/ed, found red daughters and 

white sons. But among some 5000 individuals appeared 5 white d aiighters 
and 9 red sons. Only the exceptfonal sons were lit for a closer analysis, 
and, in the case of two, proved to be due to crossing-over in tiio father, 
through which sons were produced. The remaining 7 exceptional 

sons were regarded as non-disjunction males of the formula A'^^A'^Fy, 
it being presumed that both Xj^ and F^ ha,d entered with thf' sper- 
matozoon. These males, crossed with white females of the formula X.j.X^, 
gave almost exclusively females, viz. 996 red and 953 white, and only 
19 males, of which 11 were red and 8 white. 

In this connection Aida says (l.c. p. 5): '‘The production of the red 
and white females makes it necessary to consider that tlie male parent 
had two Z's, an Xji and an Z^. The genetic form.ula having a double dose 
of Z is characteristic of females, but as these individuals an» male, not 
female, they must necessarily have some male-determining factor which 
is more powerful than two Z's, The phenomenon may be explained fairly 
well by the supposition that all these exceptional red males are the result 
of non-disjunction between sex chromosomes and have a F-cIiromosome 
in addition to two'Z's." 

If we compare the circumstances in Lebistes descrihfHl above with 
those observed by Aida in Aplocheilus, it is evident that we ai’e dealing 
with the same phenomenon; but Aida had not at his disposal a sufiicient 
number of genes in the chromosomes concerned to determine which 
chromosomes entered into the exceptional males. To judge from Lebistes, 
Aida's exceptional males are Zjr^ Z^ males, Le. individuals that in spite 
of their XX constitution have developed fn the male direc^tion in con- 
sequence of a casual accumulation, in the Z-chromosomes a.nd in the 
autosomes, of genes with a faintly female aryl strongcu* male effect 
respectively. Normal sex determination, depending on ZA" or A" V con- 
stitution, is here disturbed, other genes having taken the lead in the sex 
determination. 

Aida's view of non-disjunction also presents other difficulties. Since 
the progeny of the exceptional males are almost all females, he has to 
suppose that it is always the two Z-chromosomes which conjugate 
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previous to the reduction division, F remaining isolated, and that ''the 
superfluous solitary F-chromosome lagging in the middle of the spindle 
might be excluded from the formation of the gametic nuclei'’ (Z.c. p* 13). 
"In Aplocheilus, indeed, the frequency of the occurrence of hetero- 
synapsis in non-disjunctional males may be well conceived roughly to 
be zero” {Lc. p. 14). Aida ^ evidently disturbed by the presence of a 
F-chromosome. \ 

The very few sons which these ^exceptional males produce are again 
"non-disjunctional,” i.e. they, too,* produce almost all daughters; 
although we find an increasing number of sons as the generations pro- 
gress. "What caused this increase — whether the presence of some gene 
or some local external condition — ^is not known at present” {l.c, p. 13). 
Though inexplicable on jion-disj unction, this increase is easily under- 
stood on the supposition that the exceptional males have the XX 
formula; for males of this formula must normally produce only daughters, 
but may give rise to a few sons when accidental circumstances, or in- 
breeding in certain individuals, cause an accumulation of the genes with 
a male tendency in the autosomes). Inbreeding will theoretically 
explain why the number of males increases generation after generation, 
but it cannot be seen from Aida’s tables whether inbreeding has taken 
place, or no. 

The strangest phenomenon in Aida’s material is the red male N which 
was produced as the only son by the crossing of a supposed non-dis- 
Junctional male with a white female; this male was the only brother of 
126 red females and 91 white females. The progeny of the male N con- 
sisted of 133 females and 156 males, which suggests that it behaves as a 
normal male. Its sons, too, behaved as normal XY males. Aida con- 
siders this male a proof that the father must actually have contained a 
F-chromosome (Xj^X^Y^). Even if mistakes in the experiments are left 
out of account here, it seems more likely to me that we have here a case 
in which a great accumulation oi male-determining genes has taken place 
(through crossing-over) in one of the A-chromosomes of an XX male, so 
that the equivalent of a new F-chromosome may be said to have arisen, 
which for the future ta^es the lead in the sex determination. 

Altogether, it may then be said that, as the experiments on Lebistes 
clearly show that XX males may arise, and that these, like Aida’s 
exceptional males, produce practically only daughters, there is every 
reason to regard the Aplocheflus males in question as being of the same 
nature. Cytological investigation might decide the question. 
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Summary. 

In certain Lebistes races the females (XX) arc apt to show male 
characters and develop colour, though normally only mal(‘s (.Y F) show 
colour patterns. By appropriate crossings of such races it pi'ovcal possible 
to produce a few XX males. Such males mated with normal feniah\s gave 
only females; through inbreeding it is p^dble to produce individuals 
again which are more or less altered in a male direction. 

These experiments show that, although genes in the X-}’'"fdiromosome 
pair normally are alone decisive as regards vsex,^,it is possii^Ie through 
selection to produce types in which other chromosomes take over tlie sex 
determination. They show also that both Z-chromosonic's and autosomes 
contain genes which have a share in the sex determination. 

The remarkable fact that the closely related IHatij poeeilus has homo- 
gametic males and heterogametic females is explained on the ground 
that the sex determination is of a quantitative nature, so that tlu^ hetero- 
gamety may change from being a male to being a femak* (diaraeteiistie. 

Aida’s so-called non-disjimctional males in AploeheilHs which 

in like manner produce nearly all females, must l)e regar<ied. not as having 
arisen through nomdisj unction, in which case they should contain A'AF, 
but as being XX males, 
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NOTE ON A TRI-COLOUR (MOSAIC) MOUSE. 

By R. A.‘|^LSHEE, Sc.D., F.R.S. 

(RothamMed Experimmtal Station, Harpenden, Herts.) 

The occurrence of rats|bncl mice having skin areas of two difierent colours 
in addition to white is sufficiently uncommon to deserve record. In the 
following note I have endeavoured to put together all information likely 
to he useful to other workers, on a case which occurred in my stock 
during the spring of 1929^ 

A pair of litter-mates, born 23 February, 1928, were mated to carry 
on a stock line segregating in the two factors: Bb, black v. chocolate, and 
Ww, white V, recessive pied. Of their eleven litters one was lost by in- 
cursions of wild mice, and the young recorded from the remainder are 
shown below in Table I. 

TABLE I. 

Pied White 

r ' ^ ■■ ” A r ^ N 

Black Chocolate Black Chocolate Uncertain 
? 5 7 7 2 0 

7 4 1 11 2 

Total 12 11 8 13 ~ % 

In the eleventh litter, born 6 February, 1929, occurred the exceptional 
doe, classified above as a black white, having small black patches on 
either side of the rump and a distinct chocolate dot between the right 
eye and ear. The eyes, which, in certain lights, appear distinctly brown 
in chocolate mice, have always appeared to be both black, and since 
the chocolate spot is close to the right ey(^ it is probable that the area 
affected is small. It will be noticed that the parents lyere at the time near 
the end of their reproductive period, being nearly a year old. 

No comparable case has hitherto occurred in this stock out of some 
7000 mice bred in the Mst few years^ of which about 1500 were hetero- 
zygous, Bb, and the effect not masked by dilution. 

In mating her it was desirable in the first place to test if she were 
genetically bb or Bb, which could best be done by back-crossing to 
chocolate; in the second place, to test the possibility that the condition 
was favoured by her particular genetic constitution by mating to one of 
her own sons, and thirdly, in view of the possibility that chocolate areas 
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are more readily formed on the edge between black and while; areas, to 
make sure that such boundaries were available (jver as inu<']i of t he body 
as possible, as in the whiter strains of dominant pied. .Her finst litter was 
therefore from a chocolate buck, bbWwSs, from sucli a st rain, and con- 
sisted of two self does, black and chocolate respectively, llu'e<‘ pied bucks, 
two blacks and one chocolate, and three white bucks, one of whieli was 
certainly chocolate. The chocolate pied buck wans certaiidy dominant 
pied, WwSs, but either or both of the black pied juales may have been 
recessive pied wwss, since the cre'ss was segregating heavily for modifiers 
and they were not subsequently tested. 

For further matings the chocolate dominant pied .son has bcten used 
and nine further litters obtained. These are shown in Table II. 

TABLE II. 


Black 



SeH 

Dominant 

pied 

Becessive 

pied 

White 

Total 

$ 

1 

5 

2 

2 

10 


0 

4 

0 

2 

n 

Total 

1 

9 

■ 2 

4 

10 


Chocolate 



Self 

Dominant 

pied 

Beec'idsivc 

pied 

White 

' 

Total 

? 

2 

6 

3 

4 

15 

d 

0 

6 

2 

7 

15 

Total 

’ 2 

12 

' r> 

U 

30 


All the whites could be classified by skin spots <‘x<‘ept one black male 
and one brown female, w'hich were classified by tlu' e 3 'e.s. TIktc were thus 
fifteen blacks which might have, but did not show 1ri-eolonr spotting. 
This is sufficient to exclude any hypothesis which re<jiiire.s that fndf the 
young should be tri-colour, but not to exclude a quarter or smaller fraedions. 
It may be inferred either that the tri-colohr coat is not gemdically con- 
ditioned, or that it frequently fails to appear in mice cd .suitaJdc genetic 
constitution. On the former view the present c;.a8e may reasonably be 
regarded as a mosaic from part of whose body the B gem* has been lost 
during cell division. 

It wUl be noticed that in the second mating there is an exces.s of 
chocolate young. Taking the two matings together, there are thirty-three 
chocolate to nineteen black, an excess which, while scarcely differing 
significantly from the 1 to 1 expectation, lends some (colour to the 
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suggestion that the black gene may have been lost also from some part of 
her germinal tissue, as in the case of the mosaic guinea-pig reported by 
Wright and Eaton. 

Discussion. « 

The closest parallel with the tri-colour here described is provided by 
three individuals reported by Pincus(i} in February 1929. His cases 
concern not only the same spfeies, but the same factor, and consist of 
three pied mice showing both black asid chocolate areas. I presume from 
Pincus’ description that all were recessk^e pied, being in this unlike the 
doe here reported. Pinctis describes all three as genetically heterozygous, 
Bb, but ill the case of his doe the evidence consists only of a single litter 
by a black brother, yielding two black and one chocolate. She may 
therefore have been homt^ygous chocolate in the germinal tissue. The 
two bucks were tested extensively by mating to chocolate and both of 
these gave a slight but apparently insignificant excess of blacks, none of 
which were tri-colour. In both of these the chocolate area was on the 
back, and Pincus emphasises the fact that this axea is in other mice of 
the same stock often occupied by white spotting. This leads him to 
suggest an alternative to the view that the B gene has been lost by somatic 
non-disjunction, namely that in the border areas which in mice of the 
same strain are sometimes pigmented, sometimes white, and which may 
be designated ‘‘ critical for pigmentation,” a recessive gene may exercise 
a controlling effect. This view is supported by the fact that the chocolate 
areas in the two bucks, though of different sizes, were in the same place. 
The two bucks were not, however, nearly related and the tri-colour cha- 
racter did not appear in about 160 black offspring. It is not stated that 
the mates were chosen from near relatives of the tri-colours. 

An extremely interesting case in rabbits was reported at the same 
time by Castle (2), involving the dilution factor, which changes black to 
blue. A buck, which was subsequently shown to be heterozygous in this 
factor, had a large blue spot on the left shoulder extending to the white 
areas on the foot and neck. With blue does he produced forty-one blue, 
forty-four black and two tri-colours, black Dutch with areas of blue, 
though smaller than those*on the father. In one case the patch was on the 
forehead where a Dutch rabbit would"* normally show white, and in the 
other it was a transverse belt on the right side, from the mid- ventral line 
adjacent to the white belt to the middle of the back. 

The original tri-colour when^mated with yellow, for which he was also 
heterozygous, produced one tri-colour out of eleven not-yellow offspring, 
this being a black Dutch doe having a blue spot in the position of the 
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usual white blaze. Mated to Ms motlier who was liomozygniis bljick, he 
had, besides yellow offspring, twenty-two black ones, iione of wliicJi were 
tri-colour. No tri-colours again were produced from lus Iietorozygous 
sisters find daughters, one of whom was herself a tri-c'oloiir. Castle con- 
cludes that he ''transmitted the tri-colour condition in a >sniari |)ercentage 
only of his gametes, which we can estimate at 3 or 4 per ccuit. of his in- 
tensity-transmitting gametes.” The absence of tri-colours among the six 
black young by his tri-colonred daughter does not, howevtu*, support the 
view that the difference betweemhis black and his tri-eolour offspring was 
wholly gametic. That it is partially so is vsuggested by tlu‘ r(*eord of one 
of his tri-colour sons, who by blue females has ])rodiK*ed sixty-six blacks, 
seventy-one blues and three tri-colours. In his case also mating with his 
tri-colour sister has produced no tri-colours, there ixung live blacks each 
of which has a two-thirds probability of being heterozygous. 

There can belittle doubt in this case that the tri-eoiour condition is 
determined, at least in part, genetically, and its low incidcuH'i* among the 
heterozygous offspring shows how easily its gemdic nature iniglit escape 
observation in cases in which few offspring can bt^ prodiu!eil. 

A well-establivshed example of a noii-transmitted mosaic was reported 
by Wright and Eaton in 1926(3). This was a biufk guinea-pig who was 
apparently a mutant from albino dilution, c^, to tlu‘ wild type, C, His 
coat showed both and G, and as he lived to sire 228 .young it was 
possible to establish two important facts, (i) that he failed to transmit the 
mosaic appearance to any of the seventy-niiu* offspring which received G 
(intense coloration), and (ii) that he must ha.vi‘ h<*t‘n a tnosaic in the 
germinal tissue, since much more than half, of his offspring wcu*e elilute. 
Wright and Eaton suggest that his germinal epitluliuni was 70 per cent, 
heterozygous and 30 per cent, homozygous dilute. In spite of some 
appearance to the contrary, the proportion of th<‘ two kiiuh of offspring 
does not seem to have varied significantly during his iifelinu*. 

With the exception of Castle’s case there is no reason (o go l.)eyoiid 
the hypothesis that we are dealing mill sunple inosa.i(*s ea usi*d by llu^ loss 
of a greater or smaller fragment of chromatin; on tlu* otlu*r lumd this one 
example, where the peculiarity was unquestioiial>ly iiih^uited, must make 
us hesitate in other cases also to assume that the gtmetic consiitution has 
not influenced the "mosaic” appearance. A somewhat lower incidence 
among the offspring than that observed by Castle would have escaped 
observation even in the large progenie'^ obtained by Pincus and by 
Wright and Eaton, especially if inbreeding were not practised. I n the case 
of the guinea-pig, the view that we have to do with a somatic mosaic is 
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strongly supported by tbe anomalous frequency ratio of tlie offspring, 
and tbe same is true in less degree of the mouse here reported. The 
association with white areas in Pincus’ mice, as in Castle’s rabbits, is, 
however, suggestive of the view that in certain exceptional genetic com- 
binations an abnormal pigmentation in these areas may be induced 
without non-disjunction, Finayy, it is not impossible that the frequency 
of somatic non-disjunction may itself be influenced by the genetic 
composition. • 
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THE HISTORY OF A TETRAPLOID SAXIFRAGE, 

By E. M. MARSDEXJONES and w. b. turrill. V 
{Royal Botanic Gardens, Kew.) 

(With Four Plates and Two Text-figures.) 

The genus Saxifmga is one of the large •genera of flowering plants. In 
the latest systematic monograph^ 302 species are described, but most 
systematists would increase this number considerably, since many of the 
subspecies of this work are usually accepted as species. The genus reaches 
its greatest development iAhe North Temperate, Arctic, and Subarctic 
zones, and includes 25 accepted British species^, though it is doubtful if 
all of these are vahd species. 

The species with which we are now concerned are 8, rosacea Moench 
{8, decipiens Ehrh.) and 8, granulata L. The former is reduced by Engler 
and Irmscher to a subspecies of their ^Hypus polymorphus” 8, caespitosa, 
as subsp. decipiens Engler et Irmsch. It is, however, retained as a species 
by most British authors and is so considered here, mainly for convenience 
since its exact taxonomic status is of little immediate importance. It is 
placed in the Section Dactyloides Grex Gaespitosae, and has a wide distri- 
bution in the mountains of Western and Central Europe. 8, granulata is 
another ‘‘typus polymorphus” of Engler and Irmscher, but is placed by 
them in the Section Nephrophyllum Grex Granulatae,’ In the stricter 
sense {Le, as the subsp. eugranulata) it also has a wide distribution, 
through Central, Western, and Southern Europe, more especially in the 
hills and mountains, and, at lower altitudes, occurs in Scandinavia and 
North Russia, The character of the Section Nephrophyllum is the pro- 
duction of bulbils or gemmae as hibernating (or aestivating) organs. 
Contrasted with this character the species of the Section Dactyloides 
produce offsets or branches of some kind, usually with a rosette of leaves 
remaining green throughout the year, ^nd always having a distinctly 
elongated axis. The abovcT sectional characters appear to have consider- 
able taxonomic valu€5 and, in general, to bring together species most alike 
in the total of their characteristics. We emphasise this because we are 
here concerned with the results obtained by the crossing of two species 
not accepted as of close alliance within their genus. 

^ Engler und Irmscher, IV, 117, i-n ( 1916-19). 

^ British Plant List, Hnd 
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Several records of crosses between /S.ms'arvY/ (^S'. dvci pivn-s) and H.granu- 
lata have been publislied. We have traced tli(‘ following-: Vvr/L 
Ges, Wien, xix, 556 (1869); Delectus scmnum horti Vruiishtrii HHis, 1869; 
Bot ZeiL XXX, 548 (1872); Gwrtenjlora, xxxx, ;hH) {lfS86): F<a‘ke, die 
Pflanzen-MiscJilinge, 148 (1881). None of these n^eords is ef primary 
importance. ^ 

Our attention was called to the tieBiraJ>iIity of iiivesiiuuting tlie 
genetical relationships of these sl>ecieB by the occurrtnuH* of a chance 
cross in the Orders’ Beds at Potterne, Uevi^ses, when* both plants grow 
close together^. 8, granulata also crossed iiatiiralh' with 8, cacspitosa L, 
and 8. E. S. Marshall. 

The material used for the controlled hybridisation was oldained from 
the following sources: S. rosacea, from Irelatul, conununieated 

by F. J. Hanbury; 8. granulata, grassy habitat at Ooulston^ Wilts. 
Selfing tests showed that both the original stocks bred inie. 

In the cross, the characters of whose offspring uih* r(Ha>rd(M,l in this 
paper, 8. rosacea was used as the female parent- ami 8, granulata as the 
male. This is of interest because on the whole ihe. 8. granulata characters 
are more obvious in the and subsequent genei‘atiuns than are the 
specific characters of 8. rosacea. 

Paeents anb F ^ generation. 

The following table gives the characters of the two parents and of the 
Fx offspring. 


B. fosacm 

Habit. Tile central rosette 
ends in an inflorescence and 
from the axils of its leaves 
there arise three to twelve 
sterile rosettes, compacted 
round the base or slightly 
elongating but with a dis- 
tinct axis, 1-5 to 4 cm. long. 
Plants average 12 cm, high. 


Rosette leaves ovate — 
spathulate in general out- 
line, usually three-lobed but 
sometimes one or two of the 
lobes with an extra smaUer 
lateral lobe, 9-14 mm. long, 
at the base 2*5 to 3 mm. 
broad, across the lobes 5 to 


B. rosacea 2 x B, grmm- 
lata^ iq 
(Plants B 2) 

Habit. The rosettes wit h 
flowering stems as in B. 
grmmlata. Bulbils occur in 
the axils of the lowermost 
leaves, but some at least 
grow out immediately into 
short rosettes. Plants aver- 
age 23 cm. high, r 


See 


ilabii. A. flowering stem 
i%rmm from tlie tjeutre of./': 
each, rosette ■ and Iim' 
sterile rosetUis at ita 
Niimeroiis bill bits arise • at' 
the base of the fioworing 
stein ill .the axils ■ of tiP'A; 
lowermost leaves' at.' 
lev'ei and even on ;rliizQin®8''K 
below tlie 80 .i! m the axils of,; 
•scale leaves. :PIants avemp 
25 cm, high. 

Jinsiftv icair.'i with dis- 
tinct iaoiina, fHdioie, and 
base; lamina oblate, cordate 
at baHi\ thti numter, sfe© 
and fiepth of the Io1>cb or 
creruiliitionB vary^ with a 
hydathode near the apex of 
each' but no apical hairs, 

Journ. R. Hort. Boc. ii, p. xxxv (1927), 


Rosette leaves with dis- 
tinct lamina, fKitioIe, and 
base; lamina oblate, cor- 
date-reniform at base, the 
number, sizie and ^epth of 
the lobes or erenulations 
vary, with a hydathode 
near the apex of "each but 



E. M. Maesden-Jonbs and W. B. Tubrill 


85 


S, rosacea 

10 mm. broad, lobes oblong 
to narrow elliptic- oblong 
acute, 3 to 4 mm. long, 1*5- 
2 cm. broad, long bairs 
from tbe margin in the 
lower part and from the 
margin and upper surface of 
the lobes, no glands, hyda- 
thode immediately below 
the apex on the upper sur- 
face of each lobe and usually 
a long hair at each apex; 
part below lobes (“petiole”) 
up to 8 mm. long. 

Flowering stem erect, 
terete, purplish red, with 
few long non-glandular white 
hairs and a medium number 
of shorter glandular red- 
tipped hairs. 


8, rosacea ^ x 8. granu^ 
lata ^ Fi 
(Plants B 2) 

no apical hairs, average size 
18*5 mm. long, 21 mm. 
broad, with long white dis- 
tinct hairs on both surfaces 
mixed with a few?* glands; 
petiolei37 mm. long, with 
spreading white hairs; base 
13 mm. long and 3 mm. 
broad, with vefj:^ long white 
hairs. ^ 


Flowering stem erect, 
t^ete, purplish red or 
gilenish, with dense long 
white non-glandular hairs 
below and with dense short 
glandular red-tipped hairs 
above. 


8tem leaves showing a 
gradual transition and sim- 
plification from rosette 
leaves to bracts, more deeply 
lobed than rosette leaves 
and in upper ones only one 
to two lobes, hau’s are 
present on both surfaces 
and some are glandular. 

Inflorescence branches 
much more densely glandu- 
lar than the stems. Each 
stem four- to five -flowered. 

Calyx and receptacle 
densely glandular with short 
red-tipped hairs, sepals 
ovate sub-obtuse to rounded, 
2*5 mm. long, 2 mm. broad, 
enlarging to 3 mm. by 2-5 
mm. in young fruit. 

Corolla: 14 mm. diam.; 
petals obovate, 7*5 mm. 
long, 5-6 mm. broad, apex 
rounded, truncate at base, 
three green veins distinct 
from just above base to half 
the length of the petal, quite 
indistinct above (by re- 
flected light), sometimes 
one or two faint lateral 
nerves added. 

Anclfoecium. : greenish 

yellow, becoming pink with 
age, glabrous; laments up 
to 4 mm. long. 


Stem leaves showing a 
gradual transition and sim- 
plification from rosette 
leaves to bracts, more 
deeply lobed than rosette 
leaves and in upper ones 
only one to two lobes, as 
traced upwards they gradu- 
ally become more glandular 
on both surfaces. 

Inflorescence branches as 
the top part of the stems, 
i,e, very densely glandular. 
Each stem up to forty- 
flowered. 

Calyx and receptacle 
densely glandular with short 
red-tipped hairs, sepals ob- 
long-ovate sub-obtuse, 3 
mm. long, 2*5 mm. broad, 
enlarging to 3-5 mm. by 
3 mm. in yoxmg fruit. • 

Corolla: 19 mm. diam.; 
petals * obovate, up to 
13*5 mm. long and 8*5 mm. 
broad, apex rounded, slightly 
narrow truncate .at base, 
i.ve to eight green veins, the 
middle ones mnning up 
distinctly three-quarters the 
length of the petal. 


An&roecium: greenish 

yellow, becoming duller and 
red-tinged with age, gla- 
brous ; filaments up to 
5*5 mm. long. 


8. granulata 

average size 14 mm. long, 
16 mm. broad, with rather 
long white distinct*liairs on 
both surfaces mixed with a 
few glands; petiole 14 mm. 
long, with spreading white 
hairs; base 8 mm. long and 
5 mm. broad, with long and 
dense white hairs. 


Flotuering stem erect, 
terete, purplish red, with 
dense long white non- 
glandular hairs below and 
with dense short glandular 
red-tipped hairs above. 

Stem leaves showing a 
gradual transition and sim- 
plification from rosette 
leaves to bracts, more 
deeply lobed than rosette 
leaves, and in upper ones 
only one to two lobes, as 
traced upwards they gradu- 
ally become more glandular 
on both surfaces. 

Inflorescence branches as 
the top part of the stem, i.e. 
very densely glandular. 
Each -stem up to twelve- 
flowered. 

Calyx and receptacle 
densely glandular with short 
red-tipped hairs, sepals 
lanceolate-oblong, acute, 4 
mm, long, 1*5 mm. broad, 
enlarging to 4*5 mm, by 
2*5 mm. in young fruit. 

Corolla: 20 mm. diam.; 
petals oblanceolate, up to 
16 mm. long, 5 mm. broad, 
apex rounded to obtuse, 
slightly narrowed at base, 
five green veins, the three 
middle ones running up dis- 
tinctly three-quarters the 
length of the petal. 


A ndroecium : greenish 
yellow, becoming duller and 
red-tinged with age, gla- 
brous; filaments up to 
6*5 mm. long. 
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8, rosacea 

Gynaeceuvi with the two 
styles quite distinct,, 2* 5 mm. 
long (indiiding stigma), at 
fi rst parallel, later diverging ; 
stigmas obliquely capitate; 
ovary apex level with re- 
ceptacle. 

Fruits relatively short 
and broad, projecting 4*5 
mm. beyond the receptacle 
(including the persistent 
styles), 4 mm. diam. 

Seeds brownish black, 
ovoid-cylindric, 0-75 mm. 
long, papillose. 

Post-fruiting habit ever- 
green. 


S. rosacea 9 x S. grauK- 
lata $ Fi 
(Plants B 2) 

Qynmcemn with the two 
styles quite distinct, 4 mm. 
long (including stigma), at 
first parallel, later di vtwgi rig ; 
stigmas markedly oblique; 
ovary projecting 0*75 mm. 
above the receptacle. 

Fruits relatively short 
and broad, jjrojecting 5 to 
6 mm. . bc^yond the re- 
ceptacle including the p<?r- 
sistent styles), 4 to 5 nim. 
diam. 

Seeds bro\raish blattk, 
ovoid-cylindric, 075 mm. 
long, papillose, 

Post-fritiMng habit. T^\e 
plant is never conipletAdy 
bare of green leaves, sim-e 
new shoots apjH'ar ns the 
old leaves die oif. 


kS'. granuiata 
fiy'tinn'i ant uilh the two 
styles If idle dL'.liiua, 5 mm, 
iunu' (iiH'ludiiig stigina), at 
first pandiehlater somewhat 
d i V e i‘g i u g ; st ig m as markedly 
oblique; ovary projecting 
1 mm. ab(fV(* tiie ret-eptacle. 

Fruits relatively longer 
and narrowt*!*, projecting 
0 nun. hi‘yond the re- 
eeptaek^ (ineluding the 
|H‘rsiHtent styl{^H), 2*5 mm. 
tiiani. 

Seeds brownish black, 
ovoid-t'vlindrie, 0-5 mm. 
long, papillose. 

Pitd-frtiiiiug habit. The 
aerial parts die right down 
after fruiting and now green 
shoots begin tt)apjK‘ar about 
Iht* middh* of August. 


The figures given for seed lengths in the above table are averages, 
Fluctuations in length occur in pure-bred seeds of both parents as well 
as in the Fj and subsequent generations. 

The Fi generation consisted of 26 plants which wen^ inorpliologically 
uniform for the above characters, except for minor in(livi<!nal fluctua- 
tions and the presence of petals showing stages towar<ls a tubular structure 
and poor stamens in one plant. This last was not tin* plajit which was bred 
from to produce the F 2 , since when it w^as stdfed under control it was 
sterile, though some exposed flowers set a few seeds. Three plants were 
selfed under control but only one (B 2 plant 1) set secsl and is the origin 
of the F 2 and subsequent generations described ladow. Tin* two self- 
sterile plants were designated B 2 Fj plant 3 and B 2 plant <S. 

^Fg GEHJEEATION. 

The Fg generation consisted of 436 individuals. This large numeration 
was remarkably uniform, except for petal abnormalities, and tin* plants 
showed no signs of segregation towards the distinct luibif s of the parents. 

■ f' 

Saxifraga pottemensis = Fg tire crosB S. rosacea o >; 8. gramikta 

Habit. The rosettes have flowering stems as in S. gmnalata, and 
bulbils are present in the axils of the lowermost leaves at soil I(‘veL The 
plants average 26 cm. high. New shoots appear as the old leaves die off 
or even before. 

Rosette leaves with distinct lamina, petiole, and base; lamina oldate, 
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cordate-reniform at base, the number, size, and depth of the lobes or 
crenulations vary, with a hydathode near the apex of each but no apical 
hairs; the size varies much, of a medium-large basal leaf 25 mm. long and 
33 mm. broad, with long white distinct hairs on both surfaces and few 
to many gland-tipped ones ; petiole 37 mm. long and 3 mm. broad with 
long white hairs. ^ 

Flowering stems erect, terete, purplish red or greenish, with dense 
long white non-glandular hairs belaw, and short dense glandular red- 
tipped ones above. • 

Ste^n leaves as in F-F^ 

Inflorescence branches as in , 

Calyx and receptacle densely glandular, with short red-tipped hairs ; 
sepals oblong-ovate, sub-^tuse, 4 to 4*5 mm. long, 2*5 to 3 mm. broad, 
enlarging to 5 mm. by 3 mm. in young fruit. 

Corolla : 19 mm. diam. ; petals obovate, 13*5 mm. long, 8*5 mm. broad ; 
apex rounded, slightly narrow-truncate at the base, with five to seven 
green veins of which the middle ones run up distinctly at least three- 
quarters the petal length. Twelve plants showed somewhat narrower 
petals but not so narrow as in S, granulata. One plant had some flowers 
with full broad petals and some with somewhat narrower. Sixteen plants 
produced flowers, some of which had from one to all of the petals lobed 
and five aberrant plants had deformed (staminodal) petals. One of the 
plants which formerly produced some lobed petals, later produced 
staminodal petals. 

Androecium: greenish yellow, becoming duller and red-tinged with 
age, glabrous; filaments up to 6 mm. long. 

Gynaeceum with the two styles quite distinct, 4 mm. long (including 
stigma), at first parallel, later diverging; stigmas markedly oblique; 
ovary projecting 1*5 mm. above the receptacle. 

Fruits relatively short and broad, projeoting 6 to 8 mm. beyond the 
receptacle (including the persistent styles), 6 mm. diam. 

Seeds as in F^, • 

jPg GENERATION. 

• 

jPg plant 1 (selfed): 112 offspring, uniform, except that 21 plants had 
staminodal petals. 

jPg plant 2 (selfed): 42 offspring, uniform, except that 5 plants had 
staminodal petals. • 

F^ plant ^ {selfed): 107 offspring, uniform, except that 4 plants had 
staminodal petals. 
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'plant 4 (selfed): 84 offspring, uniform, no plants witli deformed 

petals. 

F 2 plant 5 {selfed) : 97 offspring, uniform, except that 5 plants had 
staminodal petals. * 

plant 6 {selfed) :,69 offspring, uniform, except that 8 plants had only 
normal petals and 61 plants s^taminodal petals. The parent of this genera- 
tion is the plant referred to below as having staminodal petals on three 
branches. That the large majority «af plants produced staminodal petals 
suggests that this character has some kind of genetical basis. 

The F^ plants (51? in number) from the six selfings recorded above 
are extremely uniform, except for petal characters, and similar to jFg 
plants. In other words S. potternensis is self-fertile and breeds true on 
selfing, except for the (%currence of staminodal petals. The non-segre- 
gation of parental characters in F^ and F^ suggested to us that S. potter- 
nensis might be tetraploid. A suggestion confirmed by Whyte’s researches. 

Petal deformities. 

Tubular petals. In the F-y^ generation one plant (B 2 F^ plant 3) showed 
petals in stages of metamorphosis to tubular organs. They are often in 


A. oi Saxifraga rosacea, (x 3.) 

B. Stnmm oi 8, rosacea, (x 3.) 

O. Petal of jFi (first-year plant), (x 3.) 

D. Stamen of (first-year plant), (x 3.) 

B. Betal oi 8. gramilata. (x 3.) 

F. Stamen oi 8. gra^nulata. (x 3.) 

G. Lobed petal from #2 (x 3*) 

E. Lobed petal from F^ plant (from the same flower as <?). (x 3.) 

/, Lobed petal from F^ plant (from another flower of the same plant as G). (x 3.) 

J. Lobed petal (from the same flower as /). (x 3.) 

K. Staminodal petal from Fg pf^nt (No. 2) showing trace of sporogenous tissue, (x 3.) 

L. Staminodal petal (from the same flower as K). (x 3.) 

M. Staminodal petal showing two masses of sporogenous tissue (from another flower). ( x 3. ) 
N: Staminodal petal showing) two masses of sporogenous tissue (side view, from another 

flower), (x 3.) 

O. Staminodal petal (from another flower), (x 3.) • 

P. Staminodal petal (from another flower), (x 3.) 

Q. Staminodal petal (from same flower as P), showing uncommon dehiscence, (x 3.) In 
stages P and Q the anthers fall from the filaments after maturity. 

E. Very young anther from stamen in position of a metamorphosed petal, adaxial and 
lateral views, (x 6.) * 

8. Very young anther from normal stamen of the first staminal whorl, adaxial and lateral 
views, (x 6.) • 

T. Petal from B 2 plant 3. One of the least metamorphosed petals, only distinguishable 
from a normal petal by its thicker texture and slightly undulating margins, (x 3.) 

U. Petal from another flower of. B 2 P, plant 3. Glandular hairs on the adaxial surface. 
(X 3.) 

^ I More petals from B 2 Pj plants, (x 3.) 

X. [More or less tubular petals from B 2 P, plant 3; adaxial surface showing invagina- 

Y. ] tion. (x 3.) 

Z. Tubular petal from B 2 P^ plant 3 (from same flower as W). (x 3.) 
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reduced size, have a thicker texture, and gla'nilii!a,r hairs oii I la* ahaxiai 
surface. In the more extreme examples the marjudiiH turned in ad- 
axially, and in a few there is definite invagination and the formation of 
a tube recalling the honey glandKS of EmntkLs and 1dio staniens 

are often reduced in size, and apparently do not always contain viable 
pollen, but the normal number (10) is usnallv present. ( kaaisioiially only 
one carpel is developed in a flower. Even when two (‘urpels mat tire to the 
fruit stage the capsule has a shape dMereiit from that of fin* i^apsulivH of 
its sibs,its parents, and plants of #2 and derived from a sib. The ripe 
capsule projects 5 mm. beyond the receptacde and m t1-5 to *! mm. in 
diameter. -.'On selfing the plant proved sterile, though on erosHing an 
plant with pollen from this individual a fair amount of viable seed was 
obtained. This seed has germinated, but the pla/:ls are at present <in!y in 
the seedling stage. Similarly modified petals have not appeared in any 
other of the saxifrage plants with which we have worker L 

Lobed petals. In certain plants some of the pidals of itulividual 
flowers have two or three lobes, the one or two smaller hiterai lobes over- 
lapping adaxially the larger middle one. No of sporogimmis tissue 
has been detected on these ordinary lobed ptdais. 

Sta?ninodal petals. In much more abnormal flowers in and plants 
various transitions from petals to stamens Inivc^ been detecttMi. These 
form an interesting series. In the least staminodiil p<daLs (/v and L of 
Text-fig. 1) the outline is unsymmetrical and a small patidi of rudi- 
mentary sporogenous tissue shows on the side to which i In* organ is bent 
over. In the next stages {M and N) sporogenous tissue is still more 
developed, and appears on both sides wdiile the organ is symmetrical 
about a longitudinal axis. A progressive rediujtion in size of tlie whole 
organ results from reduction in size of the petaloid tiasin^s, and is accom- 
panied by a simplification of the venation. Further redm^tion in p(‘tal<rid 
tissue and increase in sporogenous areas results in the formation of 
stamens producing apparently viable pollen (0, I\ Q, R). Tlie (udarged 
portion above the connective is progressively reduced with of 

sporogenous tissue. Even in the most stamen-like of finest* metanior- 
phosed petals the anther part can be distinguislKid from the anih(*rH oi 
normal stamens by the acute connective, the pollen sacs being solitary 
in each lobe, and usually by the absence of a marked lim* of dcdiisiienc^c. 
Of course, the metamorphosed petals can always be recognisial f)y their 
position relative to the sepals and two whorls of normal Htanimis. 

The individual F^ plant 6 calls for some comment. Tliis plant} had one 
branch (bearing 13 flowers) with staminodal petals, two brauches with 
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flowers varjflng from those with all normal to those with all staminodal 
petals, and ten branches with all the flowers normal. The condition of this 
plant suggested very strongly that somatic segregation had occurred. 



Text-fig. 2. . 

a. 'Fvuit oi S. rosacea, (x 6.) b. Fruit of (x 6.) 
c. ek 8. granulata. (x 6.) 

In a, 6, and o the persistent sepals and filaments have been removed. 

Summary. 

1. Saxifraga granulata and S. rosacea are distinct species. The chief 
differences are in habit (bulbils in S. granulata, whose shoots die down 
after flowering, sterile rosettes in 8. rosacea, which is evergreen), sepal 
shape, petal shape, and fruit shape. Subsidiary differences, not absolutely 
definite and constant, are found in flower-size, venation of petals, stigma 
shape and size, and size of seed. 

2. The generation is so uniform that it only shows fluctuations 
equivalent to those found in selfed lines from the parents, except in one 
plant with sepaloid to tubular petals. The plants remain evergreen or 
nearly so, but the size and^form are more nearly those of the pollen 
parent {8. granulata) than of the ovule parent {8. rosacea). Sepal shape 
is intermediate ; petal «ishape is intermediate, but verging towards 8. 
rosacea; fruit shape and seed size are as in 8. rosacea. 

3. Large generations of and are extremely uniform, except for 
minor individual fluctuations and for the occurrence'of lobed or stamin- 
odal petals in certain plants. "The plants are very like those of Jj, except 
that there is a tendency for the formation of larger flowers and larger 
fruits. 
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4 . Sepaloid to tubular petals and reduced 

_ 1 plant. In the following variations ai 
individuals: * 

(p iiobing of petals. 

(ii) Staminody of petals. 

Tbe latter reappeared in F^ generations, i 
occurrence m a large majority of plants in one F, 

Iner f P®*als suggests that tiii 

genetical basis. 

+h^^' “°°’®®gregating into parental cliaraf 
suggestion that these were tetraploid, and 
y the cytological investigations detailed ft,.. 


t'c<l III one 
11 several 


explanation 


Pirate III. 

^ct^ifraga rosacea. 

PXfATElV. 

Saxifmga gramilafa. 

Plate V. 

tSaxifraga rosacea ? x granuiaia ^ . 

. Plate VI. 

Sazifrugapotternensia, F,irom original ck«. 
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1. Inteoduction. 

Ddeino tke following researdies, in addition to the meiotic pHeno- 
mena associated with a semi-heterotypic division and the production of 
a tetraploid F 2 generation, other features of interest have arisen. In the 
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the rather small size of the cells in Saxifraga and the thin nature of the 
threads found in the early prophase nuclei, it is very difficult to say 
whether there is any pairing at this stage. During later prophase the 
thread appears homogeneous throughout, except in rare instances when 
some suggestion of internal structure is to be seen in the spireme. The 
results, however, are not con«lusive. The latest work on chromosome 
pairing (Darlington, 1929) shows that definite conclusions are inadvisable 
unless the material studied is suitable in every way for a detailed 
examination. Since this cannot be said for Saxifraga, and since this 
aspect of the problem is rather subsidiary in the present study, it will 
not be enlarged upon. 



Figs. 1, 2, 3. S. granulata. Late prophase up to diakinesis. ( x 2200.) 



By marked condensatmn and shortening of the pairing chromosomes, 
the nuclei take up the arrangement normal for diakinesis (Figs. 1, 2, 3). 
. After the dissolution of the nuclear membrane in the pollen mother cells 
the chromosomes assume their positions on the equatorial plate (Fig. 4). 
In polar view this plate is regular and compact. Actual counts, however, 
are often difficult to make, owing to the fact that some homologous 
univalents, although lying in close juxtaposition on the plate, are apt 
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to be counted as whole chromosomes ijistead of as iiKunlif-rs of a pa 
This may be regarded as the result of pairing in propliasc., or as 
early evidence of the heterotype split in certain l»iviileuts. As a re^u 
of this arrangement, counts ranging from liJ to 22 are obtaiaabk 
according to the jjollen mother cell in cpiestion. After examinatiou ol 
numerous plates and comparisons with the sixe ol the Itivaleuts at 
diakinesis, it is possible to say that the haplohi clinmiusoiue iiuuiberig 



Mg. 5. S. granulata. Heterotype plate in incganpoiti iiiotlier eelL ( x ^21)1).) 



Fig. 6. gramhta. Heterptype division in megiispom mother cell. ( x 2200.) 

about 16 ; In a cytological study of thesb species, SchurliolT ( 1925 ) gives 
a similar explanation for the variation in the num{)(?r of ehroinosomes 
on the plate, and concludes that the chromosome manl ier for H. gram data 
and S. rosacea {S. decipiens) is lb* The heterotype divisions are regular 
and are followed by a definite resting stage in iiiterkinesiSj when the. 
individuality of the chromosomes is quite lost. 

Meiosis in the megaspore mother celHs similar in all essential details, 
but counts of 16 are more frequent. No later stage than that with the 
four megaspores has been studied. 
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IV. GENERATION PLANTS. 

(1) Meiosis 

The pollen mother cells pass through prophase in. a normal manner, 
and there is a considerable degree of pairing (Fig. 7). The heterotype 
plate, however, is very irregukr in arrangement, some chromosomes 
dividing and commencing to move towards the poles before the plate is 
actually formed, thus rendering accurate counts almost impossible. 
From side views of this division it is evident that the great majority of 
the bivalents have been formed normally in the previous prophase and 
that, so far as chromosome complements are concerned, incompatibility 
is not very marked. The reduction division is of a very irregular nature. 
Some chromosomes pass early to the poles, to be followed later by the 
majority of the remainder; finally the lagging members may commence 
to move towards the poles. The ultimate result of this division depends 



Pig. 7. Saxifraga Fi generation. Diakinesis in pollen mother cell. ( x 2200.) 

entirely on the stage the various pollen mother cells in a given anther 
loculus have reached when the time to form dyads, or the influence 
causing the return from a dividing period to a resting stage arrives. This 
factor decides whether they shall form the normal parental type of 
interkinetic nucleus, possibly leaving some lagging univalents in the 
cytoplasm, or whether the chromosomes shall become reconstituted as 
a single nucleus, thereby annulling the reduction division. An anther 
loculus examined after this division shows many dyads with their nuclei 
in the typical interkinesis and a few pollen mother cells with a single 
nucleus, generally recogni^ble as being slightly larger than those of the 
dyads. The cytoplasm of the normal dyads contains numerous lagging 
chromosomes which disappear or lose their staining reactions before the 
final tetrads are formed. The other uninucleate pollen mother cells with 
the diploid number of chromosomes generally show that the stray 
members of the complement have been absorbed in the reconstituted 
nucleus, the cytoplasm being free from such bodies. When the next 
Joum. of Gen. xxra 
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antlier loculus, when the ''resting period’’ has passed and a "dividing 
period” conanoienced. The pollen mother cells shown cannot he regarded 
as being in a direct sequence with the types described above. Pig. 14 
shows the two homotype nuclei as separate entities, but the small 
chromatin group in the cytoplasm is evidence of lagging in the previous 
heterotype metaphase. In Figs. 15 and 1^, the telophase nuclei have been 
linked by a chromatin band, one aspect of the lagging phenomenon, and 
this connection has not been severed during interkinesis. In the following 


r 



Fig. 16. Fig. 17. 


Figs. 14, 15, 16, 17. Saxifraga generation. Homotype divisions, showing gradations 
from the almost normal state in Fig. 14 to the ahnormat unreduced nucleus in Fig. 17. 
1x2200.) 

homotype division figured here, the homotype plates are linked, to a 
slight extent in Fig. 15, but by a considerable connection in Fig. 16. 
It is probable that two spindles Vould have been formed in the pollen 
mother cell shown in Fig. 15, but it is doubtful what would have occurred 
in the other cell (Fig. 16). Fig. 17 shows what may be regarded as the 
homotype division of the reconstituted nucleus. If this can include the 
single chromosome which is apparently separate from the main group 
in the homo type separation, the result should be quite regular. 
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It has been suggested or implied in the above account of meiosis in 
the Fi generation that a definite influence is present in the anthers^ 
dividing the meiotic process into certain periods termed ''resting’’ and 
"dividing” respectively. It is stated that the pollen mother cells in 
a given anther loculus enter a resting stage regardless of the point they 
may have reached in the hetexptype division, thereby causing the appear- 
ance of normal dyads or reconstitution nuclei, as the case may be. 
A second "dividing period” is then assumed, causing the completion of 
the homotype division. This point will ^pe taken up in a later part of 
the paper (see p. 119). 

(2) Anther deficiency. 

Among the plants of the generation sent from Potterne was a 
specimen (B 2 F^ Plant 8) which was described as "sterile,” no seed 
being set when "selfed.” When other poUen was admitted, abundant 
seed was formed. 

The anthers of the flowers collected were found to be formed quite 
normally so far as the general delimitation of the sporogenous tissue and 
tapetum is concerned. The examination of the prophase stages, however, 
showed that while some were normal in appearance, the majority showed 
abnormalities of one kind or another. All grades of aberrant types were 
to be seen in different flowers. The more favourable examples showed 
pollen mother ceUs in normal prophase, surrounded by healthy, deeply 
staining and presumably active tapetum. The presence of some few 
flowers with pollen, sometimes quite normal in appearance, indicates 
that the reduction divisions had on occasion been completed. In the 
same collection one may find flowers which appear incapable of passing 
out of the early prophase in their meiotic process in the anthers. These 
have pollen mother cells and tapetum as yet normal in appearance and 
staining qualities, but in spite of the rapid vegetative development going 
on in the ovary the sporogenous tissue in the anthers appears to be 
unable to enter upon the reduction phase. The next type of flower noted 
shows the pollen mother cells in a normal condition but surrounded by 
a tapetum which, by its liability to stain properly, suggests an inactive 
state. The last stages of this process are found in anthers with an inactive 
and disintegrating tapetum, surrounding sporogenous tissue in various 
degrees of disorganisation. A considerable reduction in the volume of 
the nucleus, until the chromaMn of the prophase spireme is coagulated 
into a small dark-staining mass in the centre of the cell, characterises 
the collapse of the pollen mother cells. This anther deficiency is some- 
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times distinctly progressive, commencing in a single loculus of an anther, 
spreading to the other loculi of the same or neighbouring anthers until 
they gradually become aSected throughout the flower. The possibility 
that variation in penetration of the fixing reagents may be the cause 
of these irregularities has been carefully considered, but no evidence was 
found which might support this sugge^ion. In all the collections of 
cytological material, the fixing solution and subsequent treatment were 
absolutely standard throughout, and it would be difficult to interpret 
the abnormal flowers observed in any other way than as evidence of 
some fundamental defect in the plants in question. 




Fig. 18. jSaxiJraga 1^2 generation. Heterotype plate in pollen mother cell. ( x 2200.) 

Fig. 19. ^2 generation. Heterotype division. ( x 2200.) 

Ovule development in the same flowers was found to be quite normal, 
and directly comparable with the parental type. Prophase and hetero- 
type divisions are passed through in the manner normal for an Fi plant. 
Sufficient views were not obtainable to decide how the semi-heterotypic 
division takes place in the megaspore mother cell. 

The sterility of the plant under consideration is therefore assumed 
to be due to anther deficiency, to the inability of the pollen mother cells 
to develop owing to lack of suitable supf)lies from the tapetum at the 
critical juncture. The great preponderance of anther deficient flowers 
suggests that the occurrence of a few flowers' (not more than two or 
three were noted) with good pollefi is to be regarded as an exception due 
to the temporary absence of the influence which causes this anther 
degeneration. There is a possibility that good pollen production will bo 
found only in the ‘'primary^’ flowers oman anther deficient Saxifraga 
plant. The classification of the flowers on a given plant in order of their 
importance, as been done by Darrow (1929) in Fmgaria, is being studied. 
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(3) Ovule and fetal deficiency: Petal metamorfhosis. 

Another plant with flowers of an abnormal character was examined 
in the Fi generation. This specimen (B 2 Plant 3) was bracketed with 
an F 2 generation plant (B 2 F^ Plant 6) as having flowers with abnormal 
petals, these parts being much reduced. The collections were made from 
these two plants, and preparations examined before the types had 
finished flowering. The flowers collected from the first plant were found 
to present certain features which will lazier be considered as possibly 
explaining the occurrence of abnormal petals. The material from the 
F 2 generation plant did not show similar features and did not, therefore, 
bear out the provisional explanation mentioned. On examining the 
plants in full flower in Caiiibridge, however, it was found that, while 
B2 Fi Plant 3 had petals abnormal in character, B 2 Plant 6 had 
normal petals in every flower examined. 

It was then learned from Potterne that the plant from which the 
Cambridge bulbils had been taken had been found to produce bulbils of 
three distinct types. The bulbils from one part of the original plant 
produced plants bearing normal flowers, while the other two sets of 
bulbils produced plants bearing flowers with deficient or metamorphosed 
petals. It seems evident that the Cambridge F^ (presumed) petal- 
deficient plant had come from the first set of bulbils. One would not, 
therefore, expect to find the floral development similar to that of 
B 2 Plant 3. 

It is necessary at this point to state why the terms petal deficiency” 
and petal metamorphosis ” have been introduced, and what the relation 
between the two terms is assumed to be. Petal deficiency is comparable 
with anther deficiency, and covers a reduction from the normal state to 
the almost total extinction of these floral parts. It will be noted in a later 
part of this paper that the phenomenon oQCurs in some material of 
Silene maritima that has been examined. In the Silene collections, it is 
merely petal deficiency that has been found up to the present time. 
In Saxifraga, however, true petal deficiency can be assumed only in the 
very early stages of the "'reduction of these floral parts. When this 
deficiency has gone so far, a second feature, probably a direct result of 
the first, arises. This is the petal metamorphosis described in various 
parts of the genetical paper on this subject. This phenomenon is not yet 
properly understood, but certam points have arisen which may be used 
in future investigations. These will be noted as they arise in later sections 
of the present paper. 



104 


Cytology of a Tetraploid Saxifrage 

To return to B 2 Plant 3, prophase in tlie pollen mother cells 
proceeds in a normal manner in the great majority of the examples, and 
pollen is formed. It was found that the ovary was abnormal In the 
development of a typical ovary, e.g. S, granulata, during the early 
prophase stages of meiosis in the pollen mother cells, the placentae, 
examined in radial longitudinal sectionf commence development as two 
crescent-shaped zones of meristematic tissue. These grow outwards for 
some time, the crescentic outline of the advancing growth, as seen in 
section, extending without ksing its unbroken contour. Small pro- 
tuberances, the rudimentary ovules, then appear on the developing 



Fig. 20. ‘ Fig. 21. 


Fig. 20. Saxifraga granulata. Normal placental development, longitudinal section. ( x 20.) 
Fig. 21. Transverse section of same. ( x 20.) 

placenta and grow in the same direction as the general growth has been 
proceeding, i,e. outwards to the ovary wall (Figs. 20, 21). It is at this 
stage that the megaspore mother cell is delimited, the nucleus remaining 
in early prophase for some time. The ovules become flexed upon them- 
selves to take up the form of the mature ovules of the species; the 
integuments are formed and the megaspore mother cell passes through 
the reduction division. " f 

But in the petal-deficient typ^e of flower the ovaries show little or no 
development of the placenta and ovules. Radial longitudinal sections 
of one of these completely ^^ovule-deficient” flowers show the two cavities 
on either side of a central column of nom-meristematic tissue containing 
the vascular supply of the placental region (Fig. 24)- All gradations 
between this very reduced type and other more favourable examples 
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with considerable ovule development are to be found. Numerous 
remarkable types of deformed ovary growth have been noted: some 
flowers show the column mentioned above as feebly developed in the 
lower regions of the ovary, but expanded above into a reduced placental 
area bearing ovules (Figs. 22, 23); in other flowers the column is un- 
developed almost to the upper limits of the ovary. But before this latter 




Kgs. 22, 23. Saxifraga B 2 Plant 3. Abnormal type of placental growth, 
in longitudinal and transverse section. ( x 20.) 




Pig. 24. Saxifraga B 2 Plant 3. iDvary lacking meristematic activity in placenta. 

{ X 20.) 

Pig. 25. Saxifraga B 2 Plant 3. Longitudinal section through ovary with abnormal 
placental growth described in text. ( x 20.) , 

region of the placenta has lost its meristematic powers, a remarkable 
growth arises as a protuberance at this point, and grows down into the 
empty cavity of the ovary (Fig. 25). This may eventually develop ovules 
with normal megaspore mother cells. 

Ovule deficienGy in B 2 Plant 3 is very marked, and there appears 
to be a correlation between petal and ovule development. For flowers 
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with good petal development generally show the most reduced type of 
ovule development, and conversely the most reduced petals are associated 
with considerable placental activity. This generalisation does not apply 
when petal metamorphosis is present. 

It is further to be noted that, in the flowers with the most reduced 
ovaries, anther deficiency is also to be found. The cause of this is not 
quite clear at the moment. It may be explained by the hypothesis 
suggested below but, on the other hand, it may be that the excessive 
formation of gum in the vessels of the vascular bundles supplying all 
parts of the flower has some relation to staminal failure. For the vascular 
supply to the undeveloped placental region in the flowers just described 
is choked with gum, while the cells of the placenta which have lost their 
meristematic powers have also gum deposits. 

V. jPg GENERATION PLANTS. 

(1) Meiosis. 

In the pollen mother cells examined the meiotic prophase was of the 
normal type. There is good evidence of pairing, and the plates (Fig. 18) 
with the tetraploid number of chromosomes are regular and more 
suitable for counting than those of plants. The haploid chromosome 
number is 32 to 36, the figure tending to vary for the same reason as 
was indicated for the parent species. On a few plates there was a tendency 
to form quadrivalents; seldom were more than two such associations 
observed. The movement to opposite poles is not yet quite regular 
(Fig. 19), several chromosomes leaving the plate before the main body, 
while others tend to lag. At the interkinetic resting stage, however, 
lagging univalents in the cjrtoplasm are not common. 

(2) Anther deficiency. 

No specimen of the ''■ sterile’’ type was included among the Fg 
plants studied for comparison with the "'anther-deficient” F-^ plant 
already described. In working^ through the material, however, it was 
noticed that one example (B 2 Fg Plant 4) showed a marked tendency 
towards such a state. The characteristics of anther degeneration were 
present, and several flowers showed completely sterile anthers. Sterility 
in this plant did not, however, approach the F^ type, and would probably 
pass unnoticed in field observations. With foreign pollen seed production 
was excellent in quantity and quality, as was also found for the anther- 
deficient F^ plant. 
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(3) Petal deficiency: Petal metamorphosis. 

Petal deficiency in its simple state lias not been found in tbe F 2 
generation; as described in the genetical paper on tiiis subject, various 
degrees of petal metamorphosis occur. This aspect of the subject is not 
yet properly understood, but j.t seems evident that a petal '^meta- 
morphosed into some other floral part does not exert the same influence 
in competitive development (discussed below) as has been described for 
the reduced petals of the generation. ^ 

VI. jPg aENEBATION PLANTS. 

Meiosis in the pollen mother cells of these plants approaches very 
nearly to the parental type, divisions being much more regular. The 
chromosome number is similar to that of the F^ generation. 

Only on rare occasions were examples of anther deficiency found. 
A collection from B 2 .P 3 Plant 10 , in which the petals had become 
metamorphosed into stamens, showed every type of staminoid petal. 
Many resembled those abnormal floral parts figured in the Double Stock 
(Corner, 1927) ; others were more staminoid, but to be distinguished from 
the normal stamens by the presence of two large loculi in place of four 
smaller loculi. 

VII. A COMPETITIVE INFLUENCE IN FLORAL DEVELOPMENT. 

( 1 ) Introduction. 

In recent work on Silene Mid. Ranunculus (Whyte, 1929 a and 6 ), 
a "time factor” was postulated to account for certain aberrant 
types of floral morphology. The hypothesis of competitive develop- 
ment was found to explain the phenomena tolerably well, and has 
since been applied to similar abnormalities ip. other genera. We may 
consider it also in connection with the Saxif raga pxohl&m. Here the 
terms "anther deficient,” "ovule deficient” and "petal deficient” have 
been used, the first two having been adopted in preference to the usual 
terminology employed in '’ 1 }he study of 'abnormal floral types. Such 
terms as "male,” "female,” "stammate” and "pistillate,” "gyiio- 
dioecism” and "andro-dioecism,” "male sterile” and "female sterile” 
have been abandoned in favour of those suggested. In Saxifiraga, the 
three types of floral deficiency ^are linked up with each other, and a 
common terminology is desirable. The term "deficiency” is restricted at 
present to cover only true reduction of floral parts, either in size or stage 
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of development reached. Metamorphosis of parts in any of its aspects 
is not to be considered as directly similar, although it may well be a 
derived condition. 

(2) Ranunculus acris. 

This was the first plant in whicl^, the change in developmental 
sequence of the reproductive parts of the flower was noted (Whyte, 
1929 &). Owing, probably, to the very considerable somatic growth 
associated with ovule development in Ranunculus, the first traces of the 
ovules do not appear in a normal hermaphi*odite flower until pollen 
development is almost or quite complete. There is thus a considerable 
interval between the reduction processes in the sporogenous cells in the 
anthers and ovules of any given flower. Ri the ''female’' or "totally 
anther-deficient” flower, the reduction processes were found to coincide, 



Fig. 26. acm. Tapetal plasmodium in “abnormal’* 

plant (Whyte, 1929 b), ( x 166.) 

and it was concluded that this change has a retarding effect upon the 
anthers, which is expressed in widespread tapetal failure and consequent 
degeneration of the pollen mother cells before pollen formation. This 
suggested explanation is ^>7 evidence from the intermediate 

types (Fig. 26), in which the anther deficiency is not so marked, and in 
which a quantity of good pollen is found. In these plants the interval 
between the two reduction processes has been reduced without actual 
coincidence. There is a direct correlation between the amount of overlap 
of anther and ovule phases on the one hand, and the stage of development 
reached in the anthers on the other. 

(3) muniima. 

Anther deficiency was found to be marked in a plant ("female” A 2) 
examined at Potterne (Whyte, 1929 a). The reduction of the interval 
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between the meiotic processes in anthers and ovules was not so marked, 
and tapetal failure generally took place when the pollen sacs contained 
immature pollen. Cytological observations also showed that certain 
plants {S. maritma A 1) which had been classed as hermaphrodite in 
the field were examples of mild anther deficiency, the tapetum tending 
to cease functioning when only §, small quantity of mature pollen grains 
was formed. It was known (Marsden-Jones and Turrill, 1928) that the 
anther-deficient ("'female’’) type might, on occasion, cross a postulated 
anther fertility line and produce hermap|irodite fliowers. This is to be 
explained by a temporal increase in the interval between reduction 
processes, with tapetal activity extending sufllciently to form a little 
good pollen. Conversely, it was subsequently suggested from the cyto- 
logical evidence that the oiispring of S, maritima A 1 might as readily 
cross the postulated line and produce totally anther-deficient flowers, 
without pollen. This forecast proved to be true, for in the dry season of 
the following summer, a large number of "female” flowers were reported 
from the plants concerned. 

Petal deficiency is also being studied in these Silene plants. No 
examples of petal metamorphosis, which might be compared with the 
Saxifraga types, have been noted up to the present, but a feature has 
arisen which may be of some importance in this connection. In the 
petal-deficient Silene flowers, examination of the young undeveloped 
petal made while the ovules are actively developing and forming embryo 
sacs shows that the cells in the upper region of the petal are shrivelled 
and dead. These should normally be in a healthy condition, capable of 
becoming actively meristematic when the supplies of suitable nutriment 
pass along the petal bundles in quantity at the conclusion of the ovule 
development phase. Their premature death, probably through starvation, 
causes the absence of any meristematic activity in these parts, and no 
petal expansion phase is found. Hence the flowers are petal deficient. 
Active meristematic growth does, however, commence at the base of, 
and in the axil of, the abortive petal, and the vascular bundle supply 
tends to be diverted in the direction of the new growth. No example 
has been noted in which tliis secondary development has proceeded far, 
so that we have as yet no indication 'of what type of floral part it is 
capable of forming. 

Cen^aurea:Tnticum, 

In the preceding paragraphs it has been suggested that there is always 
a considerable interval between the meiotic processes in the anthers and 


110 


Cytology of a Tetraploid Saxifrage 

* 

ovules, and that it is the reduction of this interval which causes the total, 
or partial failure of one or other of the reproductive parts. This suggestion 
applies only to those floral types with considerable ovule development, 
such as might be supposed to place a marked physiological strain on 
the organisation of the flower. With Ranunculus and Silene may be 
classed Bommea (cf. p. 113). Centaurpa and Triticum ’belong to the 
‘'few ovules” class, and we find that the reduction processes may 
proceed almost concurrently in the anthers and ovules of normal 
hermaphrodite flowers withoipb any harmful efiect on the floral develop- 
ment. (This applies only to the central disc florets of certain plants of 
Oentoitfea examined*) 

(5) Plantago: Veronpm. 

In these, protogynous types the reduction processes coincide, and the 
rapid growth of the style is probably associated with the earlier maturing 
of the ovary. These two genera, together with Aesculus (cf. below), belong 
to the class with few ovules mentioned above. Hence no broad generalisa- 
tion on protogynous flowers is possible without further study. 

(6) Aesculus Hippocastanum. 

Rendle (1925) states (pp. 300-1) that "the large pyramidal in- 
florescence is a mixed one consisting of a number of scorpioid cymes 
arranged in a panicle; it is known as a thyrsus.. . .The flowers are 
andro-monoecious, the male flowers, in which a rudimentary ovary is 
present, often open first. Generally some of the bisexual flowers are 
biologically female from the premature dropping of the anthers. The 
bisexual flowers are proterogynous; in the first stage the stamens are 
bent sharply downwards while the style projects in a long ascending 
curve, in the second, or male stage, the stamens rise almost to a horizontal 
’ position.. . .Generally only^one ovule in the ovary develops into a seed, 
two out of the three ovary-chambers becoming crushed by the con- 
siderable growth of the one containing the very large seed.” 

Material for the study of floral development was collected as follows. 
Buds were obtained from the" upper regionsr of the inflorescence, the 
flowers of which are predominailtly ovule deficient, at the time when 
reduction divisions might be presumed to be in progress, and again 
when the buds were quite mature but unopened. Similar collections 
were made from the lower regions of therinflorescence where the flowers 
are predominantly hermaphrodite. 

Flowers taken from both upper and lower regions developed normally 
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.up to the formation of the pollen mother cells and the megaspore 
mother cellSj and were of the protogynous type, with coincident divisions. 
The meiotic processes were normal and concurrent in the lower regions 
of the inflorescence, abundant pollen and normal embryo sacs being 
formed. In the flowers of the upper region, the process is not so regular. 
Both anthers and ovules reach the prophase of meiosis in the sporogenous 
cells normally, but only the pollen mother cells continue development. 
Almost immediately after the commencement of meiosis in the anthers, 
widespread degeneration of somatic nuclei is to be seen in the ovules 
which up to this point were healthy, taking up stains well and fre- 
quently undergoing mitosis. All divisions cease, and the nuclei assume a 
generally unhealthy aspect. The megaspore mother cell remains normal 



Fig. 27. Aescvlus Hippocastanum. Ova^ of young flower at stage when 
competition with the anthers may occur, {x 20.) 

in appearance for some time in the midst of this general disintegration, 
but later loses staining power and collapses. The final aspect of the 
ovules of an ovule-deficient flower is that of groups of dead and shrivelled 
cells, without trace of nuclei; the ovary itself enlarges to some extent, 
but the style is not formed. 

Intermediate stages may exist between the two extremes, the perfect 
hermaphrodite and the ovule-deficient type? Ovules are seen which 
appear to have proceeded to some extent in their further development 
from the reduction period, only to commence degeneration later in the 
manner indicated above. j,»Others again tievelop further, but may not 
form good embryo sacs. ^ 

Kg. 27 shows the ovary of a young Aesculus Q.o'wev which has passed 
the reduction phase in the anthers .and formed pollen. Since the ovules 
are still in a healthy condition and embryo-sac formation is proceeding 
normally, it is evident that there is every prospect of this flower becoming 
normally hermaphrodite on reaching maturity. If it had been taken 
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from the tipper regions, degeneration of somatic nuclei wonld already 
be apparent at a similar vStage. Figs. 28 and 29 stow tbe mature condition 
in a normal hermaphrodite and an ovule-deficient flower respectively. 

The fact that the ''male’’ flowers often open first, as stated bj Rendle 
(1925), might be explained as being indirectly due to competitive 
influence in the development of the flowers. After pollen formation in 
the anthers, there is no nieristematic tissue remaining in the ovules, and 
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Fig. 28. Fig. 29. 

Fig. 28. Aesculus Hipjoocastanum, Ovary of mature hermaphrodite flower from lower 
regions of inflorescence. ( x 20.) 

Fig. 29. Ovary of ovule-deficient flower. ( x 20.) 

therefore no demand for food supplies. The petal expansion phase, 
assuming this to cause the opening of the flowers, will therefore com- 
mence earlier owing to the elimination of the ovule development phase 
by competition. 

{7) Asjparagus officinalis. 

Shoji and Nakamura (1928) described in detail the degeneration and 
abortion of floral parts, and concluded that "the too early degeneration 
of tapetal cells is one of the factors which bring about the degeneration 
of the pollen mother cells.” 

Examination of some deficient material growing in the Cambridge 
Botanic Garden showed similar features. Apparently the rule in this 
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species is that the reduction processes coincide, and that every type of 
flower can be found, from totally anther deficient (frequent) to herma- 
phrodite (rare) and totally ovule deficient (frequent). 

The important place that the reduction division assumes in floral 
development is seen in this species. Two flowers from an ovule-deficient 
plant are especially interesting. The younger of the two showed pollen 
mother cells and megaspore mother cells in early prophase. The somatic 
nuclei in the ovules, the ovary wall and the developing style were all in 
excellent condition. In the second flowqf, the pollen mother cells had 
commenced meiosis; hetferotype plates were frequent and the tapetal 
cells were apparently in a very active state. The megaspore mother cell 
in the same flower had not left the early prophase stage noted above; 
the reason for this delay was evident, for, as in Aesculus, the somatic 
nuclei in the ovules were disintegrating. The flower would ther^efore have 
been ovule deficient. 

(8) Bomarea MattTiewsii. 

A peculiarity in floral development in the genus Bomarea has been 
noted (Whyte, 1929 c). In certain species growing in the Cambridge 
Botanic Garden, anther formation and meiosis proceed normally. 
Meiosis tends to follow parallel courses in the two whorls of stamens; 
the outer whorl of three may show pollen mother cells whose nuclei are 
dividing at the heterotype, while the inner whorl has not passed the 
contraction stage. In other plants there was a tendency to depart from 
this regular method and to develop in what might be described as a 
“descending series.’’ Thus two of the outer anthers may show naturing 
pollen, and the other pollen tetrads; two of the inner anthers may show 
heterotype plates, and the other diakinesis. 

In one of the hybrids made at the Glasgow Botanic Garden by 
Mr G. H. Banks, this tendency was found tp be accentuated; the last 
anther had lagged so much behind the others in development that it 
may be regarded as having overlapped into the ovule development phase. 
As a consequence, the pollen mother cells in this lagging anther de- 
generated before the comihencement of prophase. This degeneration was 
characterised by a marked multiplicafiion in the number of nucleoli in 
the pollen mother and tapetal cells, a phenomenon noticed in numerous 
examples of disintegrating cells, especially in dying tapetal and root 
cap cells, and probably related to increase of surface to volume. The 
lagging anther remains as a tall staminode in the mature flower, showing 
on microscopic examination long strands of dead tissue which indicate 

tToum. of Gen. xxm g 


114 * Cytology of a Tetraploid Saxifrage 

r 

the position of the anther loculi. There would appear to be a proliferation 
of the general parenchyma of the anther following the collapse of the 
pollen mother cells, tending to compress these latter into the long 
strands noted. Certain irregularities may also be observed in the other 
anthers of the inner whorl. 

(9) Nolanh, 

The types of floral deficiency described in the preceding sections are 
held to be due to fundamental defects in the organisation of the plants, 
or the parts of the plants concerned. Slight variation from the original 
observed state of any given plant may occur from time to time, possibly 
due in part to environmental changes. It is suggested, however, that 
there is another type of floral deficiency (especially anther deficiency) 
which cannot be considered as directly comparable with the above types. 

During the study oi Nolana (Whyte, 1929 c), numerous flowers were 
found in which chromatin budding, nucleolar budding, cytomixis and 
anther degeneration were very marked. These abnormalities had been 
noted by Campin (1925) in the parent species, and were observed by the 
writer in both parents and hybrids. It was found that chromatin or 
nucleolar budding (these processes may not be distinct) occurred during 
early prophase in anthers in which the tapetal cells were inactive, but 
still in a healthy condition. If the tapetal cells resumed an active state, 
the degree of activity being decided by staining and other comparisons, 
the pollen mother cells might resume their interrupted development. If, 
on the other hand, the tapetum began to disintegrate, cytomixis (Gates, 
1911) would commence in the sporogenous tissue, and general anther 
degeneration would set in. The tapetum might fail at any time during 
pollen development; it was not possible to forecast that the flowers of 
a certain plant would show certain abnormalities at a given time, as 
would be possible in the anther deficient plants of Ranunculus acris, 
for example. On the same plant occur perfectly normal flowers, flowers 
with immature badly formed pollen grains and others with abnormal 
conditions in prophase, the point of anther development reached by any 
flower being governed by the condition of thr tapetum. 

T^ type of degeneration isr probably not true anther deficiency, 
due to a fundamental inability to achieve the reduction division, but is 
due to temporary local conditions such as wilting, lack of sufficient 
light, etc. These abnormal conditions cause a plant, or part of a plant, 
to be in an unhealthy and less vigorous state, a condition which is 
expressed in tapetal inactivity, and in some examples, failure. 



R. 0. Whyte 


115 


(10) Miscellaneous types. 

Further examples of true floral deficiency have been examined, 
notably in the following plants: Fragaria (anther deficiency), Rubus 
Idaeus (ovule deficiency), Mercurialis annua ^ Rumex alpinus and 
Empetrum nigrum. With the exception of the complex type found in 
Mercurialis annua^ it would ap|fear that competitive development plays 
a large part in the production of many of the abnormahties observed. 

VIII. Discussion. 

(1) Meiosis in S. potternensis. 

The account of the heterotypic division in the pollen mother cells of 
the plant derived from :«he cross, Saxifraga rosacea by S, granulata, 
agrees in general with the previous descriptions of analogous examples 
(cf. Jorgensen (1928), Newton and Pellew (1929)). The semi-heterotypic 
division has been noted, together with intermediate forms of separation, 
and the reconstituted nucleus can be readily observed among the normal 
haploid dyads. In the F^ generation {Saxifraga potternensis) the pollen 
mother cells show the tetraploid number of 32-36 chromosomes. 

(2) Fundamental deficiency in plants. 

Here the important point is the inability of certain plants to take the 
^^peak load” necessitated by reduction divisions in the reproductive 
organs, it being assumed that the meiotic process as a whole, and more 
especially the actual reduction division, require a higher rate of meta- 
bolism or supply of energy than ordinary vegetative growth and mitotic 
division. In a broad sense this may be true, but it is doubtful if such 
a fine distinction can be drawn as to suppose that vegetative growth in 
the ovules can go on normally in a flower which is apparently unable 
to proceed with the reduction process in the anthers. Circumstantial 
evidence of the inability of the pollen mother cells to undergo meiosis 
is afiorded by Saxifraga and Ranunculus, and further evidence of the 
strain imposed on the organisation of the flower by the meiotic process 
is supplied by Aesculus and Asparagus, In the flowers of Aesculus^hotla 
male and female organs have reached'" the same point of development 
simultaneously; the metabolism rate, this term being used in a broad 
sense, may be assumed to rise preparatory to reduction divisions in both 
anthers and ovules. In the lower regions of the inflorescence, sufficient 
supplies are available for the peak loads” of both sets of reproduc- 
tive organs, but in the upper regions the suitable supplies are reduced. 
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(Tie terms upper’’ and ‘'lower regions ” are used to indicate an arbitrary 
division. Tie distinction between male and hermapbrodite regions is 
not rigid, examples of both, floral types being found in both regions.) 
Again in tie upper regions of the inflorescence, both male and female 
organs are waiting for the increase in energy supply, but in the anthers, 
with an assumed advantage in vascular^ supply at the moment, it is felt 
earlier. The reduction divisions in the pollen mother cells commence, 
causing such a demand that all the supplies to the flower are immediately 
diverted through the anther bundles. In short, in the lower regions 
there are sufficient, supplies for both organs to commence and continue 
development, but in the upper the reduced supplies have introduced the 
competitive influence between the parts concerned, with subsequent 
development of those parts in the more advantageous position, vk. the 
anthers. The sudden collapse of the somatic nuclei in the ovules of 
AesGulus is good evidence of this, and a similar interpretation might be 
applied to the ovule-deficient 

This possession of a larger or more suitable supply of nutriment 
through the vascular tissue at the critical moment when both anthers 
and ovules are ready to enter meiotic prophase is regarded as the main 
factor in deciding the type of floral deficiency or “sex” that arises in a 
given species. It is this factor which might explain the known occurrence 
of only one ovule-deficient plant in Ranunculus acris. The possibility 
that the stamens would be able to divert the main stream through their 
bundles at the critical moment is remote, from the very nature of the 
vascular structure of the floral receptacle. The writer does not agree 
with the suggestion made in the paper on the genetics of J?. acris 
(Marsden- Jones and Turrill, 1929) that “it is possible that, owing to the 
marked self-sterility occurring in B, acris and R, hulbosus, and the 
consequent uselessness of ‘own’ pollen to a plant, there is a tendency to 
sex segregation as a degree of a division of labour. . .some plants 
specialising in femaleness, others remaining hermaphrodite or even, 
rarely, becoming male.. . .It may even happen that populations will 
eventually become dioecious.” The Buttercup types should probably be 
regarded rather as examples of physiologically deficient plants, handi- 
capped from the early stages of development by the inability to form 
male gametes normally. The matter is probably not one of genetic 
relationship, for anther-deficient types can apparently arise both in 
intra-specific crosses in Ranunculus md in inter-specific crosses between 
two distantly related species of Saxifraga. Nor does self-sterility appear 
to have much connection with the problem for, although Ranunculus is 
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self-sterile, Silene Saxifraga are quite self-fertile, but nevertheless 
produce deficient plants. 

It is also difficult to see how, if the change to a unisexual state is 
considered to be progressing, a ''dioecious population” could arise in 
such a plant as Ranunculus. At the present rate of progress, the over- 
whelming bias towards "femalefless,” a trend which has been suggested 
as natural from the floral morphology, means that in the ultimate 
dioecious population, "male” plants would be extremely rare. It is 
probable that the specie^ would have W resort to some apogamous 
method of reproduction if it were to continue in existence. 

To return to Asparagus, the vascular supply which passes out to the 
two important parts of the flower is apparently so equal that it is only 
some slight difference, either in the quality of the bundles of one plant 
compared with another, or in the comparative distance of the sporo- 
genous tissues from the point of separation of both stamen and ovary 
bundles, that decides which tissue shall gain the ascendancy. The fact 
that one species always produces deficient flowers of one type, and that 
a species of a different genus may produce flowers of quite a different 
but equally constant type, is regarded as evidence that there is something 
in the nature of the structure of the floral types which governs the 
nature of the deficiency met with. In the examples of floral deficiency 
studied in this paper, the greatest variety of abnormal types have been 
found, no one genus agreeing with any other. This is surely because we 
are studying as many different typesi of floral vascular anatomy, each 
responding differently to competitive influence. Hence, it would appear 
that plants with flowers of one or other of the deficient types are in a 
lower physiological category than the corresponding hermaphrodite 
types. 

(3) Interpretation of deficient types in^ S. potternensis. 

The application of the hypothesis of competitive development to the 
Saxifraga problem has tended to elucidate certain difficulties. In the 
first place, the anther-defifient types receive the same explanation as 
similar examples described earlier. The, plant has been unable to supply 
sufficient suitable food material to the tapetum when it should normally 
become active and nourish the pollen mother cells during meiosis, but 
the vegetative development in the ovules has proceeded without in- 
terruption. A larger vascular supply to the ovary results; later it is seen 
that both the pollen mother cells and the archesporial cells in the ovules 
are approaching meiotic prophase. But the ovules, with the better 
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vascular system, will receive the ^"peak load” first, and will divert all 
nutriment through their bundles. The anthers may receive sufficient 
supplies temporarily, because of the increase to the flower as a whole, 
but ultimately this fails, with subsequent anther degeneration. 

In explanation of the petal and ovule-deficient types, the plants are 
again assumed to be in a lower state ^physiologicalfy than the typical 
hermaphrodite. The anthers have attracted sufficient nutriment for the 
commencement of reduction; they then divert such a quantity of supplies 
through their bundles that the vegetative development of the ovary is 
checked. The cells of the placenta lose their meristematic qualities to 
a great extent, sometimes entirely. If, however, the anthers complete 
pollen formation, the supplies will be available once more to the ovary 
bundles. ^ If these are not already choked with gum, that part of the 
placental region which has not yet lost its meristematic powers through 
long starvation may commence growth, giving rise to the deformed 
ovaries noted in the description of B2 Plant 3 (cf. p. 104). In 
commencing development so late, the young ovules are, however, 
diverting through the ovary bundles supplies which would normally 
have passed, at that stage of floral development, through the corolla 
bundles to the developing petals. Thus these are in their turn deprived 
of nutriment at the critical time, growth is arrested and the meristematic 
tissue loses its power of ever resuming active mitotic divisions (cf. Silene 
maritima, rp, 109), 

(4) Seed 'production in B2 Plant 3. 

As a result of the close correlation between anther, ovule and petal 
development, it is sometimes possible to forecast the quality and quantity 
of the seed production in certain of the deficient types in Saxifraga 
potternensis. Anther-deficient flowers when selfed give little seed, but 
when crossed with other pollen give abundant seed of good quality. 
Seed production in a plant with the simple petal deficiency is generally 
poor. A plant producing among its flowers petal-deficient types (B 2 Fi 
Plant 3) as a rule also produces flowers with petals that approach 
normality, and there is probably some correlation between petal develop- 
ment and seed production in such a plant, Flowers with poor petals 
should show some seed, while flowers with good petals should produce 
little or no seed. This follows from the microscopical evidence, in which 
it was shown that in some cases ovule development was eliminated 
entirely (by assumed competition With the anthers). Such flowers should 
then be able to proceed with the petal expansion phase, which would 
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otherwise be interrupted by a delayed ovule development. TMs corre- 
lation between the two phases does not always hold in the Saxifraga 
plants owing to the introduction of petal metamorphosis at an early 
stage. It has already been stated that a metamorphosed petal does not 
affect ovule growth in the same way, and cannot, therefore, show any 
effect on seed production. 

(5) Dividing and resting periods. 

It was inferred earlier (cf. p. 101) ijiat some influence causes the 
nucleus of the pollen miSther cell to undergo division at the heterotype. 
In this connection we must regard the tapetum as the source of a driving 
force or energy, and the sporogenous tissue as a group of cells depending 
entirely upon the tapetum for the impulse to assume an active condition, 
that is, to divide at meiosis. It is probable that the passage of the 
pollen mother cells through prophase is conditioned by the degree of 
activity of the tapetum. It is frequently observed in accounts of meiotic 
prophase that the tapetal cells become very active at this stage; the 
nuclei show marked staining powers, the nucleolus generally subdivides 
and large vacuoles may appear in the cytoplasm. The tapetum may, in 
fact, be described as the intermediary between the sporogenous tissue 
and the organisation of the plant; it elaborates the food materials coming 
through the staminal bundles, and supplies energy in the form of 
nutriment to the developing mother cells. But such energy is not regular 
in supply. We may assume that it reaches a '^peak'’ during the time of 
greatest activity, from diakinesis to heterotype telophase, that it falls 
temporarily causing the inactive resting” stage of interkinesis, and that 
it rises again to enable the pollen mother cells to complete the homotype 
division. Such may be the normal course of events in a Saxifraga plant, 
but in the plants studied it is evident that the necessary energy is 
not regularly available to all cells in an apther loculus. Thus certain 
nuclei undergoing the first division of meiosis may experience considerable 
difficulty in the separation and subsequent passage of their chromosomes 
to the poles. All grades from the normal type of interkinetic nuclei to 
the ''reconstituted nuclei” may therefore be found. The stage of division 
reached when the "resting influence” or the reduction in supply of 
energy occurs, depends upon the amount of energy that was available 
to any particular cell for the reduction process. 
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IX, Summary. 

The tetraploid Saxifraga potternensis has arisen as the result of semi- 
heterotypic divisions at meiosis in the generation of the cross, 
8. rosacea by 8, granulata. The semi-heterotypic divisions are found to 
be due to unequal distribution of energy ^r nutriment from the tapetum 
to the pollen mother cells. Those nuclei which have just commenced 
division when the resting period’’ (interkinesis) begins become re- 
constituted within a single mepibrane, thereby cancelling reduction. 

The problem stressed in this paper is the 6rigin of the "'deficient” 
forms of floral morphology. Detailed comparisons with aberrant forms 
from other genera leads to the conclusion that they arise as the result 
of competitive development, one floral pirt becoming "deficient” 
through " competition ” with another. 

The factor which introduces this competitive influence is con- 
ceivably a reduced nutrition level in flowers; a subsidiary factor is the 
high metabolism rate necessary for meiosis. Thus, in Aesculus, the 
"male” flowers in the upper regions of the inflorescence arise as a result 
of the elimination of part of the ovule development phase by the anther 
phase, following competition for the reduced food supply in that region. 
The morphology of the flower is an important factor in governing the 
type of deficiency to be found subsequent to such competition. The great 
variety in the types of deficiency studied is correlated with a similar 
variation in floral structure. Upon the introduction of competition, each 
type of flower studied has reacted in a different manner. 

We thus reach the conclusion that every flower has a definite sequence 
of developmental phases, for the complete and normal development of 
which a certain optimum metabolism rate in anthers and ovules is the 
most important factor. Any decrease in the nutrition level of such 
flowers may affect, directly or indirectly, one or other of the develop- 
mental phases, and anther or ovule deficiency, producing sterility, or 
petal deficiency, producing abnormal floral types, are found. 

f ■ ■ ' 

REFipiENGES; ' 

Campin, M* G. (1925). “A cytologioal study of pollen development in Nolana'' 
iV'ew P%^. XXIV, No. 1, p. 17. 

CoBXBE, E. J. H. (1927). cytologioal investigation of a sport in a plant of the 
Garden Stock.” Proc, LinTt, Soc. Session 139, pp. 75-7, 

DABiiiNOTOx, C. D. (1929). ‘‘‘ Meiosis in polyploids. II. Aneuploid hyacinths.” 

XXI, No. 1, pp. 17-56. 



R. 0. Whyte 121 

■ii 

Barrow, Gr. M. (1929). "‘Inflorescence types of Strawberry varieties.” Am. Journ. 
^ 0 ^. XVI, pp. 571-85. 

Gates, K. R. ( 1911). “ Pollen formation in Oenothera gigas.^^ Ann, Bot, xxv, pp. 909- 
40. 

J 0 RGENSEX, C. A. (1928). “The experimental formation of heteroploid plants in the 
genus SolanumJ^ Journ, Gen, xix. No. 2 , pp. 133-211. 

Karpechexko, G. D. (1927). “The j^roduction of polyploid gametes in hybrids.” 
Hereditas, ix, pp. 349-68. 

Marsden- Jones, E. M. and Turrill, W. B. (1928). “Researches on Silene maritima 
and B. vulgaris,'''^ Kew Bulletin, No. 1 , pp. 1-17. 

(1929). “Studies Ranunculus, I. Prbliminary account of petal colour 

^ and sex in Ranunculus acris and R, hulhosus?'* Journ, Gen, xxi. No. 2, pp. 
169-81. 

Newton, W. C. F. (1926). “Chromosome studies in Tulipa and some related genera.” 
Journ, Linn, Boc, XLvn, ppii339~54. 

Newton, W. C. F. (the late) and Pellew, Caroline (1929). ""Primula Kewensis 
and its derivatives.” Journ. Gen, xx, pp. 405-67. 

Rendle, a. B. (1925). The Classification of Flowering Plants, vol. n. Camb. Univ. 
Press. 

SoHtJRHOEE, P. N. (1925). “Zur Zjtologie von Baxifraga.^^ Jahrb. f, wiss. Bot, 
LXiv, p. 443. 

Shoji, T. and Nakamura, T. (1928). “On the dioecism of the Garden Asparagus 
{A, officinalis L.).” Jap, Journ, Bot. iv, No. 2 . 

Skovstee, a. (1929). “Cytological investigations on the genus Aesculus.'"’ Hereditas, 
XII, pp. 64-70. 

Whyte, R. 0. (1929 a), “Researches on Bilene maritima and B, vulgaris, IV. 
Cytological observations.” Kew Bulletin, No. 6 , pp. 197-200. 

(1929 h). “Studies in Ranunculus, II. The cytological basis of sex in R, acris L.” 

Journ. Gen. xxi, No. 2, pp. 182-91. 

(1929 c). “Chromosome Studies. I. Relationship of the genera Alstroemeria 

and Romarea. II. Interspecific hybrids in the genus Nolana,” New Phyt. 
xxvni, No. 5, pp. 319-44. 



A NEW HAPLOID OENOTHERA, WITH SOME 
CONSIDEEATIONS ON HAPLOIDY IN PLANTS 
AND ANIMALS. 

By Peof. R. burgles GATES and Miss K. M. GOODWIN. 

(With One Plate and Four Text-figures.) 

% 

# 

In 1929, a single plant survived to maturity in a culture of non- 
viable F-^ hybrids resulting from Oe. rubricalyx pollinated by Oe, eriensis. 
It was dwarfed in the size of all its parts, as well as completely sterile, 
and was finally suspected of being a haploid mutant. Subsequent cyto- 
logical examination, has shown this to be the case. A short note has 
already been published on the subject (Gates, 1929). Having observed 
this haploid, the senior author believes that certain small aberrant 
plants, not of the usual dwarf t}rpes, which have occasionally occurred 
in his cultures in earlier years, were also haploid in nature. It is de- 
sirable that geneticists should keep in mind the possibility of the 
occurrence of such haploid sterile small plants in their cultures, for they 
are probably of more frequent occurrence than has hitherto been sup- 
posed. The sterility of such plants is in some cases more conspicuous 
than their smallness of size. 

OCCURBENCE OE HAPLOID OeNOTBERA RUBRICALYX. 

In 1927, reciprocal crosses were made between Oenothera rubricalyx 
and Oe. eriensis, both of which have fourteen chromosomes. Oe. eriensis 
X rubricalyx gave a uniform with the red pigmentation characteristic 

01 rubricalyx and the small flowers of eriensis. In several other characters 

they were patroclinous. This cross, which has been made three times 
(84 plants), is illustrated by Plate VII, figs. 1 and 2. Photographs of the 
parent forms can be seen: of Oe. rubricalyx in Gates (1914), Text-figs. 
8-10 and of Oe. in Gates (1927), Text-figs. 5~7. 

The reciprocal cross, rubricalyx x eriensis, made at the same time, 
produced seedlings which, although they germinated promptly, were 
yellowish in colour, developed very little chlorophyll and died in about 

2 weeks, immediately their store of nourishment had been exhausted. 
This cross was made twice in^ 1927 and twice in 1928, the seeds from 
each cross being sown in the following year. The four families, from 

plants in each case, numbered respectively 36, 4, 21 and 85 
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seedlings (total 146). All four families consisted of small, feeble seedlings 
wMcIl died off simultaneously, showing the lethal effect of the cross. 
The largest family, grown in 1929, numbered 85 seedlings, 2 of which 
survived for 3 months. One of these died and the other lived long 
enough to be planted out in the culture bed. It reached maturity and 
belonged to a new type, very much dwarfed and almost completely 
sterile as regards pollen and seed production. This was the haploid. 

Description of haploid, 

r 

The rosette was very small, with very narrow leaves, which might 
be supposed to resemble those oi eriensis in shape, but with the red 
midrib colouring of rubricalyx, Plate VII, fig. 3, is from a photograph 
taken when the stem was beginning to develop, and fig. 4 shows the 
plant in flower. Several bags are attached to the stem, as numerous 
unsuccessful attempts were made to obtain seeds from it by selfing and 
crossing. The leaves of this plant were very narrow and pointed, only 
slightly crinkled, the midrib and petiole red above and below, as in 
Tuhricalyx. The stem, ovary, hypanthium and sepals also showed the 
characteristic red. The flowers were smaller than in rubricalyx, but un- 
fortunately the petals were not measured, since the special interest of 
the plant was not recognised until later. Throughout the flowering season 
as the flowers opened the petals remained crumpled, as in a newly opened 
bud, never becoming stiff and smooth as normally. This was partly 
because of their thinner texture. 

The pollen, on examination, was seen to consist mostly of shrivelled 
grains, but no estimation was made of the proportion of apparently 
good pollen. The anthers were deformed, twisted, and yellowish brown 
rather than bright yellow in colour. Not only were all attempts to 
obtain seeds from the numerous flowers unsuccessful, but open poUina- 
tion gave twisted poorly developed, shrivelled capsules. Most of the 
ovaries fell off before any seed was set, but the capsules resulting from 
open pollination showed the presence of a few small seeds, varying in 
number from 1 to 6 in a capsule. Attempts^ were made to germinate 
these seeds, but without success. 

The whole appearance of this plant suggests that it was a miniature 
rubricalyx, although in the early stages of its development the narrow 
. and pointed leaves were interpreted as resemblances to eriensis. Since 
it proved to have 7 chromosomes, it pl^esumably came from the de- 
velopment of a haploid egg cell without fertilisation, the 

presence of the foreign eriensis /poUm tubes presumably acting as 
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stimulus. Tlie non- viatle seedlings from this cross were probably true 
diploid hybrids, but there has been no opportunity to count their 
chromosomes. 

In crosses, Oe. Lamarckiana produces the well-known twin types 
laeta (with broad, darker green leaves, etc.) and velutina (narrow-leaved) 
and is, therefore, regarded as rgiade up of the two complexes, gaudens 
s^nd velans, the homozygous recombinations gaudens , gaudens and 
velans .velans being non- viable. That being the case, it is possible that 
Oe. Lamarckiana cannot produce a viab]^e haploid gaudens or velans. 
Oe. juhfinervis is similar]^ regarded as deserens . velans by de Vries and 
as subvelans.paenevelans hj Eenner (1918), corresponding to 

gaudens. Oe. ruhricalyx differs from rubrinerms only in a dominant gene 
mutation, both forms having the same chromosome linkage, four pairs 
and a ring of six. 

Probably both the surviving seedlings in the 1929 culture from 
Oe. ruhricalyx x eriensis were haploids, and as one was larger, stronger 
and healthier than the other, it is possible that one represented the 
haploid suhvelans and the other paenemlans. The narrow leaves of the 
haploid which reached maturity might lead one to identify it as paene- 
velans, but the haploids frequently have narrower leaves than their 
diploid counterparts, and as the other seedling was smaller and weaker 
it might represent paenevelans and the surviving haploid be subvelans. 

On the other hand, the velans complex contains the tendency to 
reddish sepals, and it appears most likely that the dominant gene for 
ruhricalyx bud-coloration arose in this complex. Hoeppener and Renner 
(1929) suggest the texm pervelans for this altered complex. 

Cytological observations. 

Two collections of cytological material were made from this plant 
by Mr D. G. Catcheside. Allen’s modification of Bonin’s fixative was 
used in one case, and Kihara’s method of dipping into Carnoy before 
AUen’s Bouin in the second. Sections were cut at 8-10 ju and stained 
with Heidenhain. Unfortunately the material did not show stages later 
than synapsis in the poUen 'toother cells, so the behaviour of the chromo- 
somes in diakinesis and the meiotic divisions has not been seen. 

The pollen naother cells of a loculus are sometimes in two vertically 
seriated rows, but generally there is only one (see Text-fig. 1). The 
resting nucleus is followed by e^^rly heterotypic prophase, in which the 
nucleolus passes to the periphery of the nuclear cavity, the fine network 
of the nucleus becomes coarser, and the threads are seen to be made 
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up of a series of dark-staining grannies on a finer filament. Larger 
aggregations of chromatin are constantly present towards the periphery. 
The nucleolus soon changes in shape from spherical to lensiform, and 



tapetum during synizesis. 



Text-fig. 2. Cells from petal epidermis of (a) haploid, (6) diploid mhricalyx. 

remains for some time pressed up against the nuclear membrane. In 
organic connection with it is the spireme, attached to the nucleolar 
body, which can always be seen when the nucleolus is sufficiently de- 
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stained. Tlie nucleolar body does not project from the surface, but occa- 
sionally it appears to have spread over part of the surface of the 
nucleolus. The spireme is then attached to it at more than one point. 
Irregular chromatin aggregations appear in the meshes of the spireme. 

Examination of mitosis in somatic tissues showed seven chromosomes 
(Plate VII, fig. 6). Counts weru, made from polar views of metaphase 
plates in petal cells, wall cells of the young anther, and occasionally in 
stigma cells. 

Cell measuremenis. 

The haploid plant was conspicuously smaller than normal diploids, 
and this afforded an opportunity of determining the relation between 



Text-fig. 3. CeUs from anther epidermis of (a) haplOid, (6) diploid mftncaZ?/*. 


cell size and plant size. Comparisons of cell size formerly made between 
Oe, Lamafchiana and its tetraploid mutation, (Gates, 1909), showed 
that the ratio of increase of cell size varied from tissue to tissue. Similar 
series of measurements have been made of the tissues of Oe, rnbricalyx 
and the haploid. These include pollen mother cells, their nuclei and 
nucleoli (Text-fig. 1), petal epidermis (Text-fig. 2), anther epidermis 
(Text-fig. S) and stigma cells (Text-fig. 4) in the buds of the diploid 
and the haploid. The measurements of diploid rnbricalyx wem taken 
from preparations made by Dr F. M. L. ShefiS.eld (Sheflfield, 1927), Since 
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the resting stage of the nuclei in the pollen mother cells was not available 
in the diploid, the stages of synizesis were used for comparison, and the 
other tissue measurements were taken from buds of the same age.- 

The results are recorded in Tables I and II, but before considering 
them a few words are necessary regarding the methods of cell measure- 
ment adopted. The cells to be r 2 .easured were drawn in outhne at table 

TABLE 1. 

Relatim volume ofr^ells* 

Oe. mbrimlyx Oe. Lamarck . : Oe. gigas Oe. rubricalyx 
Haploid : Diploid Diploid : Tetraploid Diploid : Haploid 


Petal cells (epidermal) 

1 : 2-3 

1 : 1-96 

1 : 0-43 

Anther cells (epidermal) 

1:3-5 

1 : 3-8 

1 : 0-28 

Stigma cells 

1:2-3 

1:3-1 

1:0-43 

Pollen mother cells 

1:2-1 

1 : 1-5 

1 : 0-47 

(synapsis) 

Nucleus in synapsis 

1:3-2 

1 : 2-16 

1 : 0-31 

Nucleolus (synapsis) 

1 : 1-7 

— 

1 : 0-59 

Sjmaptic “Imot” 

1 : 2-35 

— 

1 : 0-43 

Tapetum cells (at synapsis) 

1 : 2-7 

1 : 1-44 

1 : 0-37 


TABLE II. 

Cell measurements in /x. 


Haploid Diploid 

“Resting nuclear” stage At synapsis 


No. of 



' No. of 



measure- 

Mean 

Mean 

measure- 

Mean 

Mean 

ments 

length 

width 

ments 

length 

width 


Petal cells (epidermal) 

100 

6-14 

9-6 

100 

8-3 

12-0 

Anther ceils (epidermal) 

70 

9-6 

10-5 

93 

16-2 

13-3 

Stigma cells 

70 

21-9 

15-7 

50 

28-0 

21-9 

Pollen mother cells 

80 

18-4 

13*1 

— 

— , 

— 

Nucleus 

66 

7-0 

6-1 

— 

— 

— ■■ 

Nucleolus 

64 

2-6 

2-6 

— 

— , 

— 

Tapetal cells 

54 

7-9 

At synapsis 

A 

11-1 




Pollen mother cells 

'56 

23-6 

18-4 

40 

29-8 

24-0 

Nucleus 

56 

9-6 

8-7 

40 

13-0 

10-1 

Nucleolus 

56 

3-4 

2-4 

40 

4-3 

2-6 

Synaptic “knot^’ (surface 

53 

4-4 

3-4 

40 

5-7 

4-8 

area) 

Tapetal ceils 

32 "* 

7-4 

13-5 

50 

10-5 

184 


level by means of a camera lucida. A Spencer binocular microscope used 
as monocular with a xV immersion objective and a Zeiss K x 6 
ocular was used, giving a magnification of about 1150 diameters. The 
projected outlines were measured in mm., and the means recorded in mm. 
In calculating volumes, the pollen mother cells, nuclei and the stigma 
Journ. of Gen. xxni 9 
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cells were treated as spheres. The cells of the other tissues were assumed 
to be rectangular solids. Since the pollen mother cells are polygonal to 
roughly circular in outline, the greatest diameter was measured together 
with the diameter at right angles to it, the mean of the two being taken 
as the diameter of the sphere in calculating the volume. The nucleolus 
presented greater difficulty on account|,of its flattened lensiform shape 
during synizesis, but the mean of the longest and shortest diameters 
(which are at right angles to each other) was taken to represent the 
diameter of a sphere of the s^me volume. The synaptic ''knot” during 
synizesis forms a roughly spherical mass, which has been treated as a 
sphere although a certain amount of inaccuracy is doubtless involved. 

In measuring the somatic cells which are approximately rectangular 
in surface view, i.e. the petal epidermis, anther epidermis and tapetum, 
from flower buds collected at the time of meiosis, the cell measurement 
along the long axis of the petal or anther was regarded as its "length,” 
and the measurement along the thickness of the organ as its "width ” 
In calculating the mean cell volume, the lesser of the two measurements 
was taken as the third dimension in each case. "Length” treated in 
this way is frequently less than "width.” Thus in the case of the petal 
epidermis, the mean dimension (7) measured parallel to the surface of 
the petal as seen in longitudinal section is less than the mean " width "’ (11) 
measured perpendicular to the surface of the petal. The mean volume 
was then taken as 7^ x 11, since in stirface view the epidermal cells are 
approximately iso-diametric. Epidermal cells are of relatively uniform 
"width” but vary greatly in "length,” since they grow mainly and 
divide only in a plane at right angles to the surface. But the majority 
of measurements, even in this dimension, gave very steady and even 
results. These methods are essentially the same as were used in an early 
paper (Gates, 1909) in which the cell sizes of diploid and tetraploid 
OenoifAem were compared. 

Examination of Table*^ I shows many interesting relationships. In 
every tissue examined, the cells are smaller in the haploid than in the 
corresponding tissue of the diploid, but the amount of decrease in size 
varies for different tissues. The comparative call volumes for haploid : di- 
ploid are given, together with the diploid : tetraploid ratios for gigas 
(taken from Gates, 1909) and also the diploid : haploid ratio in rubricalyx, 
to show the amount of decrease in cell size of the haploid. Comparing 
columns 2 and 3, it will be seen that the^^ : ratio is generally in quite 
good agreement with the 2n : in ratio. Thus as regards petal epidermis 
the ratio is in both cases near 2:1, while for the anther epidermis it is 
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for some unknown reason distinctly higher at about 3-5 : 1. In measure- 
ments of stigma cells the agreement is not so good, although in both 
cases the ratio is above 2:1. There are divergences in the other tissues, 
but whether these are significant could only be determined by a larger 
series of measurements and perhaps greater refinements in the methods. 
It is significant that the skp of Ihe nucleolus and the area occupied by 
the spireme in synizesis are conspicuously smaller in the haploid, the 
decrease being in much the same ratio as for cell size. The spireme is 
presumably shorter, being composed of fewer chromosomes. 

In the tapetum the ratio is less, the cells of the haploid being notably 
small and less deep-staining than in the diploid, probably due to lack 
of nutrition. The pollen mother cells also fail to separate and round off 
at synizesis as they do in diploid mbricalyx and generally in other forms. 
In Oe. gigaSs however (Gates, 1911), flowers were found in which the 
pollen mother cells failed to separate even after the tetrad divisions 
were completed. This is probably due partly to insufficient room owing 
to lack of growth of the wall layers; and partly to low osmotic pressure 
within the cells. 

The actual cell measurements of the haploid and diploid in p. are 
given in Table 11. The mean diameter of the pollen mother cell nucleus 
at synizesis is 9*15 /jl in the haploid and 11*5 jjl in the diploid. Comparison 
of longitudinal sections of the anthers shows interesting differences 
between the haploid and diploid in morphological detail. These are set 
forth in Table III. 

TABLE III. 


No. of No. of 

measure- measure- 



Haploid 

ments 

Diploid 

ments 

No. of pollen mother cells in median 
longitudinal sections of anther 

40 

30 

48 

37 

No. of cell layers in anther wall 

4* 

32 

4t 

52 

Width of loculus of anther 

32 

25 

55 

25 


* A few with five layers, cells very narrow, 
t A few with three layers, cells larger and broader. 

Thus, although the pollen mother cells are smaller in the haploid, 
yet the number of such cell’s is larger in the diploid. Again, both types 
of anthers usually have four wall layers^ yet there are occasionally five 
in the haploid and three in the diploid. Hence the haploid does not 
correspond cell for cell with the diploid. The same was true of the 
tetraploid (Gates, 1909). As reg<ards chromosome size, a few measure- 
ments of the somatic chromosomes in dividing anther and petal cells of 
both haploid and diploid failed to reveal any appreciable difference in size. 

■'■ 9-2 
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Eecoeds of haploiby in flowering plants. 

Records of haploidy are as yet uncommon in seed plants, and in 
animals they are still rarer, although in certain animal species haploidy 
is the normal condition of the males. The first haploid seed plant was 
described by Blakeslee, Belling, Farnhajm and Bergner (1922). Two sncli 
plants appeared in the offspring of normal Datura plants, which had 
been subjected to low temperature at about the time of fertilisation in 
an attempt to produce chronjosomal irregularities. It was supposed that 
the low temperature acted as a stimulus in causing the parthenogenetic 
development of two egg cells. If that is the case, it may be expected 
that late seeds with haploid embryos will be found among species of 
wild or cultivated plants growing in cli&ates with autumnal frosts 
followed by warm weather. The relative weakness of such plants and 
their failure to propagate themselves, together with their near resem- 
blance to diploid plants except in sterility, would account for failure 
hitherto to note their occurrence in the floras of temperate regions. The 
haploids since recorded do not, however, show in their origin any special 
relation to temperature, and carefully controlled experiments are re- 
quired before it can be determined whether such a relation exists. Belling 
and Blakeslee (1927) have also obtained haploid Daturas by pollinating 
Z). stramonium with pollen of D. ferox. About 12 per cent, of good 
pollen grains are formed. 

Although the haploids are almost completely sterile in ovules and 
pollen, occasional seeds result from self-pollination, which produce com- 
pletely homozygous diploid plants. Up to the year 1927, over 60 haploid 
mutants of Datura had been identified (Blakeslee, Morrison and Avery, 
1927). The original plant was kept in cultivation by grafts and cuttings, 
and produced 393 descendants from seeds. In this homozygous line have 
been obtained 3^^ and 4n individuals as well as the various trisomic 
{2n -h 1) types, the latter appearing with the high frequency of about 
3 per cent, in the generation from selfing. Moreover, the haploid has 
produced twice, or probably four times, in the generation a plant 
heterozygous for a new gene mutation. Pfobably each occurred in a 
single egg or pollen grain of the haploid. The new recessive mutations 
are called ''curled’’ (referring to the cotyledons) and “tricarpel.” Their 
linkages show that they occurred in different chromosomes. An abso- 
lutely homozygous diploid line derived |rom a haploid does not therefore 
necessarily remain homozygous. 

The chromosome arrangements in haplpid, diploid, triploid and 


133 


E. Ruggles Gates and K. M. Goodwin 

tetraploid Daturas are compared by Belling and Blakeslee (1923). They 
found that in the pollen mother cells of the haploid the chromosomes 
are usually distributed by chance, 6 -f 6, 5-1-7, 4 -f 8, etc., just as if 
their normal partners were present, producing small nuclei and diminu- 
tive pollen grains which perish. Later (1927) it was shown that all the 
chromosomes divide regularly jh- the homotypic, forming usually two 
larger and two smaller nuclei. One or more chromosomes may be 
detached in anaphase I and form extra microcytes. But frequently 
non-reduction occurs, the chromosomes dividing longitudinally and pro- 
ducing two pollen grains of normal size, each with 12 chromosomes. 
Non-reduction is much more frequent in the haploid than in the diploid 
or triploid, varying in frequency from 10 to 29 per cent. The authors 
also found that the volume of the pollen mother cells in 2n, Sn and 
in plants was nearly proportional to the number of haploid groups of 
chromosomes present. 

Belling and Blakeslee (1927) showed that the volume of the pollen 
mother cells in the haploid is about half that in the diploid, the relative 
diameters being 1 : 1*26, i.e, the linear dimensions are about 1/5 less than 
in the diploid. The organs of the haploid are reduced in somewhat 
similar ratio. This applies to the ovary, style, filaments, anthers, corolla 
and calyx; also to the leaves and the plant as a whole. 

The next record of haploid seed plants was by Clausen and Mann 
(1924). One appeared in the (58 plants) of Nicotiana Tabacum var. 
purpurea x N. sylvestris. The cross gave a uniform, vigorous hybrid 
progeny which was almost completely sterile. The exceptional plant was 
a ^'reduced replica” of var. purpurea, but with its characters somewhat 
more pronounced. It was about three-quarters the height of normal 
purpurea, with smaller leaves and flowers and more slender stems. It 
bloomed freely but was completely sterile in pollen and seeds. This 
plant had 24 chromosomes, which is the haploid number for N. Tabacum, 
while N. sylvestris has n — 12. Another haploid plant appeared in 
(50 plants) of a fifth generation hybrid involving N. Tabacum var. 
macfop%Ka, which was pollinated by iV”. sylvestris. The bulk of the 
plants fell into two expected classes, while the haploid was a reduced 
replica of macrophylla. Chipman and Goodspeed (1927) have since made 
a cytological study of the purpurea haploid. They find a pairing of threads 
before synizesis in the diploid, but not in the haploid. In the latter a 
single spirerae segments into Ae 24 chromosomes. These facts are 
apparently regarded as showing a parasynaptic pairing in N. Tabacum. 
It is also worth noting that the occurrence of synizesis in the haploid 
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shows that its sigiaificance cannot be to bring about pairing of the 
chromosomes, since bivalent chromosomes are not formed in the haploid. 
In this connection it is worth while recalling that synizesis has also 
been observed in tapetal cells of Lactuca (Gates and Eees, 1921) in which, 
of course, no reduction takes place. 

Subsequently three more haploid NfTabacum var. furpurea and two 
var. Cuba plants appeared and were studied by Ruttle (1928). Examina- 
tion of root tips from cuttings of haploid plants showed that 52 were 
haploid, 22 diploid and 8 coptained both haploid and diploid cells. The 
latter were always larger, but not so much so that every cell could be 
identified as haploid or diploid when not in division. The area of diploid 
cells in the latter roots varied from a small group of cells near the growing 
point to a large sector of irregular outline in the meristematic region. 
Diploid cells were not found in the archesporial tissue, pollen mother cells 
or ovules of the haploids, such cells being apparently confined to the roots, 

A haplont occurring in a pure line of N. glutinosa has recently been 
described (Goodspeed and Avery, 1929). The plant was one of a culture 
which had been subjected to X-rays as seedlings, but its origin was 
spontaneous and unconnected with the treatment received. It was con- 
siderably reduced in size, and the flower colour was greenish yellow 
rather than salmon-red. The forms of leaf and flower were considerably 
altered, but anthers and ovaries were completely sterile. This plant 
continued to grow vigorously long after the diploid plants had ceased 
to flower. In pollen meiosis the 12 chromosomes were distributed at 
random. Not infrequently, a suspended anaphase was followed by an 
equation division, producing a pollen dyad. Such pollen grains should 
be functional. 

Clausen and Lammerts (1929) have discovered a most interesting 
case of haploidy of another kind in Nicotiana, They crossed A. digluta, 
an allohexaploid with carmine flowers and 36 bivalent chromosomes, 
with the pollen of a form of N, Tabacum, identical with var. purpurea 
except in having white flowers. The latter had 24 bivalents. The Fi 
(173 plants) included various plants with aberrant chromosome numbers, 
but a single plant with small white flowers was identical in its other 
features with haploid purpurea'"' It was completely sterile, had 24 uni- 
valent chromosomes in its pollen mother cells, and these were usually 
distributed at random. This plant thus agreed morphologically and cyto- 
logically with other haploid Tahacum plants. In one mother cell 19 of 
the univalent chromosomes were seen to divide, while the rest separated, 
one half-univalent being fragmented into two. 
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There seems no doubt that the origin of this plant is a case of andro- 
genesis (Wilson, 1925) or haploid merogony b the male nucleus develop- 
ing in the egg cytoplasm, but there is no indication as to how the egg 
nucleus was dispossessed. Probably like other plants in this series it 
had an irregular chromosome content, which may have been incom- 
plete in the embryo sac nucki following meiosis. When N, digluta 
originated, a form occurred which is now recognised as a purpurea 
haploid which must also have arisen merogonically. In the back-cross 
(N. sylvestris x Tahacum) x sylvestris, occasional plants have been known 
to appear which are identical with N, sylvestris in cytology and morpho- 
logy. These are now regarded as probably due to diploid merogony. 
In such cases the male nucleus presumably entered the egg cytoplasm, 
the egg nucleus disappeared" and the chromosome number was doubled 
shortly after this egg began its merogonous development. In no case 
was there any detectable influence of the maternal cytoplasm. 

Kostoff (1929) has obtained a similar case by pollinating an aberrant 
plant of Nicotiana Tabacum macropJiylla having 70-72 chromosomes 
with pollen from N, Langsdorffii {n = 9). An abundance of seeds were 
obtained which germinated easily, producing about 1000 seedlings, of 
which only one reached maturity. This was a haploid Langsdorffii, some- 
what smaller than the diploid and having 9 Langsdorffii chromosomes. 
This androgenic haploid produced no seeds from selfing, but a few seeds 
by pollinating with diploid Langsdorffii, In the pollen mother cells of the 
haploid the 9 chromosomes do not form an equatorial plate, but spread 
out towards the poles of the spindle and separate at random (4 -h 6, 
3 -h 6, 2 -f 7, rarely 1 + 8). Sometimes some of these chromosomes 
divide in the first division. When all the chromosomes remain in one 
group in interkinesis they all frequently divide in the second division, 
forming pollen dyads. But they may separate into two or more groups, 
each of which forms its own spindle, with resulting pollen triads, pentads 
or even octads. About 8 % of the pollen appears good, but the grains 
vary greatly in size. Of 58 root tips examined, all were haploid with an 
occasional diploid cell, except one which had 2n chromosomes. The 
volumes of the n and 2n calls were as 1:4. 

Gaines and Aase (1926) obtained a "^haploid” with 21 chromosomes 
by pollinating a winter wheat, Triticum compacHm humboldtii, with the 
pollen oi Aegihps cylindrica. Usually only shrivelled seeds result, but 
^ The first evidence of haploid merogony was obtained by Farmer and Williams (1898). 
They observed that in the brown alga Halidrys, enucleate fragments of egg cells were 
fertilized by sperms and formed a cell wall in the normal maimer. But development was not 
seen to proceed further. 
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the single plump kernel which produced this plant was much larger than 
a normal seed of the Triticum parent. It is suggested that both male 
nuclei of Aegilojps fused with the maternal endosperm nuclei to produce 
a giant (tetraploid) endosperm while the egg developed partheno- 
genetically. Gaines and Aase state that this ''haploid” plant could not 
be distinguished until flowering time, when the spreading of the glumes, 
characteristic of sterility, drew attention to it. Their Text-figs. I and 2 
(the legends of which have evidently been transposed) show that the 
hexaploid wheat has thicker^, stems and larger heads than the triploid 
plant. Also the pollen mother cells of the latter are distinctly smaller. 
It may also be mentioned as a peculiarity of the "haploid” plant that 
all the pollen mother cells of a loculus sometimes more or less completely 
coalesce, large spindles appearing which bear the chromosomes of several 
coalesced nuclei. In somatic tissues of the ovary giant cells were fre- 
quently found, with large nuclei formed by the fusion of pairs of somatic 
nuclei. Binucleate cells are known to be of widespread occurrence in 
young tissues of flowering plants, but here they are of exceptional fre- 
quency. The nuclei in somatic cells of the stamens and pistil of the 
haploid are stated to be smaller than in the parent with 42 chromosomes, 
but some large nuclei were found here with three or four sets of chromo- 
somes. This frequent occurrence in the haploid of somatic cells with 
two fused nuclei corresponds with the fact that in parthenogenetic frogs 
the diploid chromosome number is restored during ontogeny. One other 
point concerning the haploid wheat plant is that its 21 chromosomes 
were distributed by chance in meiosis, without any evidence of pairing, 
although this point deserves further study. It therefore behaved as a 
haploid, and not as many triploids behave. We may conclude that this 
3n wheat plant was actually smaller in the size of its organs, as well as 
in cell size, than the 6^ parent. 

Jorgensen (1928) obtained interesting results in producing haploid 
as well as diploid individuals like the female parent by pollinating 
Solanum nigrum with pollen from 8. luteum, S. aethiopicum or other 
species which would barely cross, if at all, with 8, nigrum. The pollen 
must germinate on the stigma and stimulate fhe parthenocarpic develop- 
ment of the fruit. Such fruits ar^ small, and many drop before maturity. 
They contain few or no seeds, and such seeds as occur require special 
methods of germination. In all, from 90 such polhnations 43 fruits were 
obtained; about 70 seeds were prepared for germination, and 35 plants 
were reared from them. Of these, 28 were diploid and 7 haploid, all 
typical /S. and the diploids bred true. 


R. Ruggles Gates and K. M. GoQDwm 137 

Only once was a true hybrid between /S. nigrum and 8, luteum 
formed. In grafting experiments by Mr Crane at Merton, periclinal 
cMmaeras were produced, some of whicL. after selfing formed fruits with 
viable seeds. One such plant from seeds of S, nigrum var. graoile with 
a one-layered skin of 8. sisymbrifolium was a haploid. Perhaps, as 
Jorgensen suggests, the germination of the nigrum pollen of tbe chimaera 
on the sisymbrifolium skin was delayed and some of the egg cells were 
meantime stimulated to form embryos. Apparently 8. nigrum never 
produces haploid offspring when left to flawer freely, but it might do so 
if only a few pollen grains were placed on the stigma, since their pollen 
tubes might then act as a stimulus to unfertilised eggs to develop. 

Jorgensen has examined embryo sacs of 8 . nigmm hom flowers pollin- 
ated by 8, luteum. He finds that the male nucleus (sometimes both) enters 
the egg cell, but there disintegrates while the egg divides to form the embryo 
(gynogenesis). In some such embryos the mitotic divisions showed approxi- 
mately the haploid chromosome number (36), in others the diploid (72). 
It was not discovered how or when the doubling in the latter case took 
place, but the first mitosis of the haploid egg was regarded as the most 
probable place. As regards external characters, the haploid 8. nigrum 
seedlings have narrow cotyledons and form delicate and slender plants. 
They have rather long internodes, and being almost completely sterile 
they continue growth longer than the diploids. Their leaves are smaller 
and markedly narrower, with less dentation and a thin lamina. The 
pollen is nearly all shrivelled, the few living grains being nearly normal 
in size. Comparison of Jorgensen’s figures indicates that the cells of 
the root tip and the pollen mother cells and their nuclei are smaller in 
the haploid than in the diploid. 

The meiotic divisions of haploids were studied, both in the micro- 
spore and megaspore formation. In the former, the chromosome pairing 
approached the condition 12ii + 12i, as exhibited by many triploids. 
From this fact the conclusion is drawn that capacity for conjugation is 
not a reliable measure of the degree of identity between the chromosomes 
in a pair. In the megasj)ore mother cell ''the number of univalents 
apparently does not exceed 12,” but occasional trisomes occur and most 
of the univalents go to the upper pole, so that unequal divisions, such 
as 20 4- 16, occur. 

No^g^^ (1928) has described in Brassica a case of pseudogamy 
similar to that of Jorgensen in Solanum, When B, campestris var. oleifera 
IS pollinated from B, oleracea var. gemmifera^ the pollen tubes enter the 
embryo sac but the male nuclei do not fuse with the egg or the polar 
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nuclei. They shortly disintegrate, but the egg is stimulated to develop by 
the entrance into it of a male nucleus, and an embryo is formed. 

In some Matthiola hybrids, Lesley and Trost (1928) obtained in 
two extreme dwarfs, one of which was diploid (14 chromosomes) with 
two extra chromosome fragments, the other haploid with one such frag- 
ment. The pollen mother cells of the haploid had about half the volume 
of those in diploids. Pollen dyads were frequently formed, the cells of 
which were of about the same size as the cells in a pollen tetrad of the 
diploid. In some cases ther^. is random segregation of the haploid 
chromosomes, followed by other irregularities. But frequently the 
chromosomes split and separate (except sometimes the extra fragment), 
the heterotypic mitosis evidently being omitted. This results in a pollen 
dyad. The seven chromosomes plus a fragment were also seen in somatic 
cells from young buds. 

Among a progeny of 1700 hybrids of Crepis capillaris x 0. tectorum, 
Hollingshead (1928) has described two haploid individuals of 0. capillaris 
{n = 3). The records show that the prevailing temperatures were low at 
the time of making these crosses, the minimum occurring on the night 
following the cross which gave rise to the two haploids. It is therefore 
uncertain whether cold or foreign pollen is the exciting cause in this 
case. The haploids were much smaller than normal, with shorter and 
narrower leaves. Root tips were examined and the cells found to be 
smaller, but each was recognisable by its characteristic morphology. 
Diploid tissue was found in the roots of one plant, one root showing only 
diploid cell plates, another a small diploid area in the central cylinder, 
and a third a small area in the outer cortex. 

M. Navashin (1927) found in the progeny (three plants) from 
Crepis tectorum x (7. alpina a diploid alpina plant, but this was probably 
a case of segregation and not of merogony. 

A haploid tomato mutant with 12 chromosomes has been described 
by Lindstrom (1929). It appeared in the F^, numbering 337 plants, of 
a varietal cross showing complete fertility, and may therefore be regarded 
as ''spontaneous.’’ Its parents carried factors for dwarfness, and smooth, 
ovate fruit. Five generations of cuttings, numbering about 300 indi- 
viduals, have been derived from it. The stature of the haploid is that of 
the dwarf types, and it has been shown to be genetically a dwarf, but it 
has much smaller leaves and distinctly smaller flowers. Although nearly 
sterile, 42 plants have been obtained by using the pollen of other 
varieties. Three plants have been obtained from open-pollination, and 
these are believed to represent actually self-pollinations, very small 
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fruits being formed. These plants are diploid dwarfs. Root tips of the 
haploid show occasional diploid cells. Nevertheless in all the numerous 
cuttings the haploid phenotype has persisted, and Lindstrom has failed 
to get a diploid plant from them. This striking vegetative stability of 
the haploid tomato is in contrast with the Datum and Nicotiana haploids. 
In the pollen mother cells. -^rregtilar random separation of the 12 chromo- 
somes takes place. 

In the light of these cases, the results of Collins and Kempton (1916) 
can be interpreted. From Tripsacum daciyloides x Euchlaena mexicana 
they obtained 4 seeds and a single seedling which was like the male 
parent. It remained true in the F^, (3 plants) and the Fq {10 plants) and 
was regarded as a case of false hybridization or '^patrogenesis.” No cyto- 
logical studies have been published, but this was probably a case of 
androgenesis, the plant becoming diploid either in the Fi or Fg genera- 
tions. Tnpsacum x Zea also produced a few seeds. The F^ plants were 
Tripsacum, so this was probably a case of parthenogenesis induced by the 
maize-pollen, but whether these plants were haploid or diploid is un- 
known. 

The cytology of hybrids from Nolana prostmta x N. atriplicifolia 
was studied by R. 0. Whyte (1929). Both these species have 12 chromo- 
somes as haploid number, but the F^ plants with 24 chromosomes show 
only three or four bivalents in heterotypic metaphase, and produce only 
5-10 per cent, of good pollen. The plants examined in F^ and later 
generations, however, showed greater regularity in meiosis, 10 or more 
bivalents occurring regularly, and about 50 per cent, of good pollen 
being produced. One bud collected from an F^ plant which was regarded 
as typical of its generation was believed to be haploid. The evidence is 
not very satisfactory, as the chromosome number could not be accurately 
counted, but a figure is given which bears some resemblance to the 
‘‘reduction” division in the pollen mother pells of haploids, and this 
appeared to be confirmed by the examination of somatic plates in the 
stylar tissue. This plant had previously given seed which produced a 
normal so it is regarded as probably a diploid plant which developed 
a haploid shoot late in the season. 

Very recently Davis and Kulkarni (1930) have published an account 
of haploid mutations in Oe, fmneiscma. The type first appeared in 1923 
and was called “ pointed tips.’^ Such plants are of about half the stature of 
franciscana, and all their organs are proportionately smaller. The leaves 
are narrower, sharply pointed, and the bud cones more attenuate. The 
flowers are about half as large as in the diploid, and pollen is developed 
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only in small amounts, tlie grains being mostly shrunken. A few seeds 
are developed from selfing. This haploid has appeared ^^spontaneously” 
four times in several generations, with a frequency of about 1 in 1000. 
It has also occurred in crosses oi franciscana with certain of its de- 
rivatives. When selfed, the haploid produces diploid plants, but a few 
haploids appear, indicating that the haploid egg can again develop 
parthenogenetically. Two new mutant types also appeared, as well as 
other aberrant individuals. The haploid crossed with diploid pollen gave 
ordinary franciscana as expected. A completely sterile haploid of Oe. 
Hooheri also appeared among 1291 plants, suggesting the same frequency 
of parthenogenesis as in franciscana. 

In the cytological account of these haploids, it was found that the 
spireme segments into seven chromosomes which do not pair. The mass of 
sterile pollen results from irregular distribution of the chromosomes in the 
heterotypic mitosis (6 -f 1), (5 + 2), (4 + 3). In those cases which lead to 
functional pollen grains, the multipolar spindle is stated to become unipolar, 
the seven chromosomes all becoming attached to spindle fibres from that 
pole. The heterotypic mitosis being omitted, the nucleus is reconstituted 
and the chromosomes split. This corresponds with the period of inter- 
kinesis, and is followed by an ordinary homotypic mitosis in which seven 
chromosomes pass to each pole of the spindle and a dyad of pollen grains 
is formed. It is worth noting that sometimes a small enucleate mass of 
cytoplasm is separated off from these cells. The homotypic spindle may 
(rarely) also be unipolar, with the result that the seven split chromosomes 
reconstitute a single nucleus, and a single giant pollen grain whose 
nucleus contains 14 chromosomes will be formed. One such case was 
observed, a small mass of cytoplasm without a nucleus being separated 
ofi at one side of the cell. The formation of a dyad of full-sized pollen 
grains by omission of the reduction division confirms the observations 
of Belling and Blakeslee (1923) on haploid Datura. 

It may be remarked parenthetically that Metz (1926) has described 
in four species of the Dipteran genus Sciam a monocentric or unipolar 
spindle in the first meiotic division in spermatogenesis. The chromosomes 
consist of four pairs, and two others which make up the X. All are 
attached to spindle fibres from the single pole. Nevertheless, one of each 
pair, together with the two composing the Z, pass towards the pole, 
while the remaining four diverge at first in the opposite direction but 
finally converge at a point where the^'Other pole would be expected 
to exist. 

Still more recently, in a number of La Cellule which appears to have 
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been actually publisbed about 30 Marcb 1930, Emerson (1929) gives an 
interesting independent account of tbe pollen meiosis in baploid Oe.fran- 
ciscam which is surprisingly different in some respects from that of 
Davis and Kulkarni, Emerson’s haploid appeared in an of 461 plants 
grown at the University of Michigan, from Oe. franciscana crossed with the 
hybrid known franciscana s^lfurea. The atypical plant had extremely 
narrow leaves in the rosette stage and was a weak semi-dwarf, almost 
completely sterile. It is stated that the spireme in the pollen mother 
cells is not continuous, and parallelisms o| threads are found to be quite 
as numerous during synapsis as in the diploid. Later, the spireme in 
many nuclei appears continuous. It is thrown into loops, the arms of 
which are twisted about each other. It is concluded that since this 
twisting occurs in the haploid, it cannot be the basis of genetical crossing 
over. 

A second contraction stage occurs, followed by segmentation of the 
now heavy thread. The seven chromosomes are probably all end-to-end 
in this spireme, but only a case with four attached tandem- wise is 
actually shown. Later, the chromosomes are all separate, but in many 
of the cells two are attached end-to-end. There is some evidence that 
this pair behaves differently from the five univalents. In heterotypic 
metaphase they remain frequently, and perhaps always, attached. This 
pair is less condensed than the others, which are nearly spherical. In 
early anaphase the members of the pair usually pass to opposite poles, 
while the other five may occupy any position on the spindle. None are 
V-shaped as in a typical heterotypic anaphase. Counts of the chromo- 
somes in the two daughter nuclei show in 7 cases (7 4- 0) distribution, 
in 25 cases (6 + 1), 18 cases (5 + 2), 15 cases (4 + 3). The high frequency 
of the (6 -f 1) distribution indicates that the two members of the pair 
frequently separate, while the five univalents remain with one of them. In 
a single pollen mother cell this pair separated while the other five divided. 

In the homotypic mitosis the chromosomes on the two spindles 
usually all divide, as observed also by Davis and Kulkarni, forming a 
tetrad. But frequently mother cells were observed containing a dyad of 
pollen grains, probably fiinctional, or a hexad. The diploid franciscana 
has five pairs of chromosomes and a ring of four in diakinesis, and 
Emerson suggests that the associated pair in the haploid may represent 
two from this ring. As regards nuclear size, he finds that the mean 
diameters of the nuclei of th^ pollen mother cells in the diploid and 
haploid are respectively 12*9/>c and 9*6/4. This would give relative 
volumes of 1 ; 0*41 or 2*4 : 1 (cf. Table II). 
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bud” from the egg should be regarded as an ''attempt” at a division, 
seeing that something similar has been observed in haploid plants, is 
not certain. 

In the sawflies, Peacock (1925) concluded from a study of Pteronidea 
(Nematus) melanaspis and other species that all male sawflies are 
haploid, but that occasionally a female ^‘s produced by parthenogenesis. 
In spermatogenesis of males there are two maturation divisions but no 
reduction of chromosomes (n = 8). 

In the gall-flies both dijgloid and haploid parthenogenesis occuis, 
and Doncaster (1911) showed that in Neuroterus the males are haploid^ 
In the parasitic wasp, Hadrobmcon, Whiting (1921) showed by genetic 
study of an orange-eyed mutation that while males are haploid they 
may in certain cases arise from eggs whidh have been fertilised. In 
general, there are two conditions as regards the equation division of the 
chromosomes in the haploid egg. It may be accomplished by an equal 
division of the cytoplasm, thus forming two functional sperms; or the 
second spermatocytes may be unequal, in which case only one functional 
spermatozoon is formed. 

Among Homoptera, the greenhouse white fly, Trialeufodes vapora- 
riorum, was found by Hargreaves (1915) to produce only females from 
the eggs of virgin females, while in America only males arose from such 
eggs. The English and American races thus differ in their parthenogenetic 
behaviour. This was confirmed by Williams (1917), who found very few 
males in England except in one collection from Hampshire. Schrader 
(1920) found that in the American race unfertilised eggs develop with 
the haploid chromosome number and produce males, while fertilised 
eggs are diploid and produce females. In spermatogenesis the haploid 
complex is retained, the reduction division is elinoinated and only an 
equation division occurs. 

Thomsen (1927) found both races of Trialeurodes vaporariorum in 
Denmark. No difference was discovered in the meiosis in the two types 
of eggs. Both undergo reduction {n == 11), but in the parthenogenetic 
eggs the diploid condition is restored, probably by splitting of the 
chromosomes. ^ 

Schrader (1923) has described in the mite (arachnid) Tetranychus 
himaculatus (in which the females are conspicuously larger than the 
males) the same condition b,b m Trialeurodes, The haploid chromosome 
number is only three, all the eggs undergo meiosis, fertilised eggs form 

^ Doncaster found one mitotic figure with about Ow- cbromosomes in a developing 
muscle cell of a female. 
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embryos and larvae with, six chromosomes, unfertilised with three. In 
the latter (males), though not many cytological details are given, it 
seems clear that the reduction division is omitted and a single equation 
division occurs. 

There is some evidence of haploid parthenogenesis producing males 
also in rotifers (see A. P. Shuh; 1929), lice and thrips, but these cases 
need not be entered into here. Both in phasmids and in the grouse 
locust, Ajpotettix, there is genetic evidence of segregation as well as 
crossing-over in the first generation of parthenogeneticaUy produced 
offspring (Nabours, 1919, 1929); from which it may be concluded that 
chromosome reduction occurs in the unfertilised as well as in the fertilised 
eggs. Thus it appears that in Orthoptera generally all the eggs undergo 
reduction, parthenogenetic eggs with rare exceptions producing females, 
while fertilised eggs give a mixture of both sexes. 

In Nematodes of the genus Rhahditis^ although haploid males are 
not known to occur, yet the conditions resemble those already mentioned 
in certain plants. In R. aberrans (Kruger, 1913) males are extremely 
rare, the individuals being mostly hermaphrodite with the appearance 
of females. Sperms regularly enter the eggs, but degenerate there, while 
the egg develops parthenogenetically without chromosome reduction. 
Wilson (1925) calls this condition gynogenesis. In R, pellio^ a related 
species, which is dioecious, producing males and females in nearly equal 
numbers, Paula Hertwig (1920) found in her cultures a mutant which 
produced diploid {2n = 14) females only. They and their descendants 
showed the same meiotic behaviour as R. aberrans, the eggs remaining 
diploid and developing parthenogenetically, but requiring the entrance 
of a sperm to stimulate their development. The sperm persisted in a 
compact form in the egg cytoplasm, even into the early cleavage stages. 
This interesting case shows that the condition of diploid parthenogenesis 
can arise directly from the normal sexual condition with haploid eggs 
and sperms. Similarly, as observed by Jorgensen in Solanum nigrum, 
the haploid egg was stimulated to develop by the presence of a 
degenerating male nucleus of S, luteum. 

The case of the charophyte, Ohara canescens (== crinita), shows certain 
points of similarity to Rhabditis, It has long been known that this 
species occurs in two forms, one haploid (n = 12) with male and female 
plants. This rare form is known only in certain scattered localities, 
Hungary and Sicily. WTien the oospore germinates, meiosis occurs, 
producing four nuclei, three of which degenerate. The other form is 
diploid throughout, is widely distributed and appears to be somatically 
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indistinguishable from the form with haploid gametophyte. It is always 
female and apogamous, the diploid egg developing without a reduction 
division when the oospore germinates. No doubt the latter condition 
was derived from the former, as in the parthenogenetic strain of RhabdiUs 
'pellio; but there is nothing to indicate what change in the fertilised egg 
of Ohara led to the omission of meiosiS when the oospore germinated. 
Ernst (1918) suggested crossing as the cause of the production of the 
parthenogenetic form, but this view is inadequate as an explanation, as 
Winkler (1920) has pointed out. Ernst assumed that if a simple ddubling 
of the chromosomes had taken place in a haploid female, the resulting 
plant would be hermaphrodite; but from our present point of view we 
should expect it to be female, though probacy stouter^. 

Winkler suggests two methods by which the diploid parthenogenetic 
female form may have arisen: (1) by chromosome doubling in an apical 
cell of the haploid female plant, (2) by union of two of the four haploid 
nuclei formed when the oospore germinates. He recognised from the 
Marchals’ .work on mosses that diploid gametophytes are not necessarily 
parthenogenetic, and he favours the origin of diploidy in Ohara from an 
apical cell. Since two of the nuclei in the germinating oospore are pre- 
sumably capable of producing a male gametophyte, and two a female, 
Winkler points out that fusion of two of these nuclei might give three 
different results: [a) (y + <J would produce a diploid male gametophyte 
which would die out, (6) $ + ^ should produce a diploid hermaphrodite, 
(c) $ + $ would produce a diploid female, but there is no sufficient 
reason to suppose it would be parthenogenetic. None of these hypo- 
theses explains at the same time the origin of diploidy and of partheno- 
genesis. On the other hand, we might assume that an unfertilised 
oogonium began to develop parthenogenetically and that doubling of 
the chromosomes occurred in the first cleavage of the unfertilised egg, 
but this gives no real explanation of the origin of the. parthenogenetic 
behaviour. Winkler’s hypothesis of origin from an apical cell of the 
haploid has at least as many difficulties. The widespread occurrence of 
the diploid indicates that parthenogenesis is a success. 

In Icerya jpurchasi (Coccidae) Schrader and Hughes-Schrader (1926) 
have clearly shown that hermaphrodites have four chromosomes in the 
somatic and oogonial tissue, while males have two chromosomes in all 
their somatic and spermatogonial cells, Le, they are haploid throughout, 
their nuclei and cells being decidedly *^smaller in the early stages of 

^ Though not necessarily. Gf. haploid and diploid generations in Polysiphonia 
(Yamanouchi, 1906). 


147 


R. Ruggles Gates and K. M. GopDwiN 

development, but witb many adjustments of size later. A single meiotic 
division is conclusively shown in the males, since each, cyst contains 
16 nuclei before meiosis and 32 nuclei, producing 32 sperms, afterwards. 
The germ cells of hermaphrodite embryos are shown by Hughes-Schrader 
(1927) to be diploid (four chromosomes). But at the time of the first 
nymphai instar, haploid nuclei appear among the diploid. How they 
arise is not known, but from this haploid tissue arise the sperms of the 
hermaphrodite gonad. In spermatogenesis, both in hermaphrodites and 
in haploid males, there is but one meiotie division (equational). In two 
aberrant cases, however, the spermatids as well as eggs arose from 
diploid cells. There were then two reduction divisions, but without 
synapsis. The same racial conditions, with diploid hermaphrodites and 
haploid males but no females, were found both in Italy and America. 

In the Coccidae, Lecanium hes^eridium and L. hemispJicericum, 
Thomsen (1927) has found that both species occur in two races, (1) a 
purely parthenogenetic race of females only, (2) a bisexual partheno- 
genetic race of males and females, the latter in the minority. In the 
former race the eggs undergo one equation division with 2 ^ 2 - chromosomes, 
but with neither synapsis nor the formation of chromatin tetrads. The 
eggs of the bisexual race undergo the reduction divisions, but in un- 
fertilised eggs the 2n number of chromosomes is restored by fusion 
between the egg nucleus and the second polar body. The females so 
produced are thus diploid, and the nuclear fusion is said to be extra- 
ordinarily like fertilisation. 

Parthenogenetic development has been experimentally produced, 
especially in sea-urchins, starfish, annelid worms, molluscs and frogs, 
but only frogs have been reared to maturity by these methods, although 
starfish and sea-urchins have developed through metamorphosis. It is 
clear that the embryos are haploid in the beginning of their develop- 
ment, at least in those cases, such as the sea-urchin, where the polar 
bodies are formed before the egg is stimulated to develop. Shearer and 
Lloyd (1913) counted the haploid chromosome number (18) in Toxo~ 
pneustes and Strongylocentrotus larvae which had undergone meta- 
morphosis, so it is probable that such individuals would remain haploid 
as adults. The parthenogenetic haploid larvae were readily distinguish- 
able from normal diploid plutei. Their arms were one-third longer, the 
protoplasm slightly granular, less transparent, and the pigmentation 
more scattered. They also developed much faster up to the 4- and 
8-armed pluteus stage, and after that much more slowly, metamorphosis 
taking place in 8-10 weeks instead of 5-6 weeks. Metamorphosis pro- 
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ceeded so slowly that the larvae starved before it was completed, which 
apparently accounted for their death at this time. They appear to have 
remained haploid throixghont, but were not visibly smaller than diploid 
plntei, and the nuclear sizes were not compared. Delage had previously 
succeeded in rearing six parthenogenetic sea-urchin larvae through 
metamorphosis, two of them attaining sufficient sexual maturity to be 
identified as males. 

Similarly in the annelid Thalassema and the mollusc Gumingia, 
cleavage of the egg has been^observed to take place with the haploid 
chromosome number. It is equally clear, however, that in many cases 
the diploid number is restored after development of the egg begins. The 
various ways in which this may happen need not be discussed here. 

The parthenogenetic frogs of Loeb (1918)^ obtained by pricking the 
egg with a needle, proved to be 16 males, 3 females and 2 doubtful. 
Some males reached full adult size at an age of 10-18 months and were 
entirely normal. There is very little doubt that all those, both males and 
females, which reached maturity were diploid. In another lot of 65 frog 
larvae parthenogenetically produced by Loeb, Parmenter (1920) counted 
the chromosomes of 14 individuals, including one male frog and 13 tad- 
poles. In every case the number was diploid (26) or nearly so. It is not 
known where the doubling takes place, but since mortality is high' in 
the early stages of development, it is reasonable to suppose that only 
those larvae survive in which doubling of the chromosomes took place 
sufficiently early, larvae with some haploid and some diploid tissue 
having a high death rate. Hovasse (1922) has since counted chromosome 
numbers from 8 to 27 in parthenogenetic frog larvae, but mostly ap- 
proaching the haploid or diploid numbers. Among the young embryos 
and larvae studied, 75 had about 24 chromosomes (which he regarded 
as the diploid number), 65 had about 12 chromosomes and 14 had other 
numbers. The haploid numbers were more frequent in the early stages, 
up to 24 hours, while the oldest larvae (18 to 84 days) were all diploid. 
The conclusion seems clear, although Hovasse denies that difierential 
mortality is at work here. The cleavage spindles in presumably haploid 
frog eggs are much smaller than normal. Also the rate of development 
is less in parthenogenetic than imnormally fertihsed eggs. 

A^^^^ various studies of the effects of radium emanation on the 
eggs and sperm of frogs and toads, 6. Hertwig (1913) found that when 
eggs were insemiiiated with strongly irradiated sperm of another species, 
the foreign chromatin was soon eliminated from the eggs, which were 
stimulated to develop gynogenetically. The tadpoles so produced were 
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conspicuously smaller tlian normal ones of tlie same age, and usually 
showed various imperfections although they developed at about the 
normal rate. Their nuclei were evidently haploid since they had practi- 
cally half the volume of the nuclei in corresponding tissues of normal 
larvae, e.g, in the medulla and the liver. It appears highly probable 
that in those tadpoles, unlike* the parthenogenetic frogs of Loeb, the 
haploid chromosome number was retained. In such experiments, how- 
ever, in some of which the egg rather than the sperm was irradiated, 
leading to inactivation of the egg chromosomes (see also Wilson (1925), 
p. 463), some tadpoles were of normal size and with larger, evidently 
diploid, nuclei. These also probably began their development with a 
single set of chromosomes (maternal or paternal) as in Loeb’s partheno- 
genetic frogs. 

The number of methods hitherto used to obtain haploid partheno- 
genesis is greater in animals than in plants. They include hypertonic 
sea-water, addition to the medium of neutral salts (such as KOI), COg 
and weak acids or bases, and also physical agencies such as increased 
osmotic pressure, mechanical shaking or puncture, temperature changes, 
radium, or electrical stimulus. The work of Baltzer, Doncaster and G-ray, 
and Tennant showed that in cross-fertilisation of echinoderm eggs with 
sperm of another species or genus the paternal or maternal chromosomes, 
or some of each, might form vesicles and be eliminated from the egg, 
which then gave rise to larvae with corresponding characters and in 
some cases haploid nuclei. In various experiments which need not be 
detailed here, when eggs were cross-fertilised after having begun par- 
thenogenetic development, the resulting larvae were in some cases 
mosaics of cells with different nuclear content, some of them containing 
only the paternal chromosomes. In inter-generic echinoderm crosses of 
Baltzer the paternal chromosomes may be retained in the nucleus until 
blastula formation, when elimination of the paternal chromatin takes 
place. Irradiated sperm, in the experiments of G. Hertwig cited above, 
stimulated the eggs to parthenogenetic development without themselves 
taking part in nuclear formation, but apparently no case is known in 
animals where, as in plants, the normal sperm of another species has 
entered the egg and disintegrated, thus causing its parthenogenetic 
development. 

The described cases of segmenting ova in virgin mice and rabbits 
are presumably to be classed 'as “ spontaneous.” In this connection, 
Baltzer’s (1922) success (following Spemann) in rearing a Triton larva 
through metamorphosis from an enucleate egg fragment fertilised by a 
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sperm is noteworthy. The larva was doubtless haploid, since its nuclei 
were only half the normal size. Boveri had shown earlier that enucleate 
fragments of sea-urchin eggs, if entered by a sperm, could develop 
merogonically into dwarf (haploid) larvae. 

It thus appears that while, in plants, haploid adults can be reared 
to maturity, in animals they usually either double their chromosomes 
during development, or fail to reach, maturity. If haploid animals 
actually attained maturity, they might be expected to be more or less 
completely sterile, as are haploid plants, but no such case appears to 
have been recorded resulting from artificial parthenogenesis, although 
Baltzer’s case of merogony in Triton is closely similar. On the other 
hand, natural haploidy such as occurs in the^males of various animals is 
unknown in seed plants. 

Light is thrown on several problems of haploidy in animals by the 
occurrence of two haploid-diploid mosaics in Drosophila, described by 
Bridges (1925). In a genetic cross which produced ‘^'piebald” individuals, 
there were spots of tissue in which the recessive paternal characters 
were shown and the maternal -chromosome had apparently been lost, 
the rest of the individual being female and presumably normal diploid, 
showing the dominant maternal characters. One individual differed from 
the rest in having the whole left side of the head different from the right 
in several genetic characters and also notably smaller. Without going 
into details, the genetic evidence seems clear that the left side of the 
head was strictly haploid and paternal, all the maternal chromosomes 
(containing dominant characters) having been eliminated. Bridges points 
out that, on the theory of genic balance, an individual with In chromo- 
somes should be female, and this was borne out in so far as the left eye 
took the tinge which the eosin mutation shows in the female as distinct 
from the male. An unsuccessful attempt was made to measure the cells 
and nuclei on the two sides of the head, but the eye facets in the left 
eye were shown to be conspicuously smaller than those of the right in 
the ratio 19 : 23. In a triploid fly they were correspondingly larger, and 
ommatidium size is probably an accurate imiex of cell size. 

In another cross there appeared, besides piebalds, another individual 
which was apparently a haploid-diploid mosaic on a larger scale; the 
left wing was only three-fourths the normal size, the three left legs were 
shorter and more slender than the right ones, and the left fore-leg bore 
no sex comb, the absence of a sex comb being strong evidence that the 
tissue was female in nature as well as presumably haploid. 

Although haploids are non- viable in Drosophila, these haploid- 
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diploid mosaics appear to confirm tlie view that haploids with one set 
of autosomes and one X would be females, just as diploids with two 
sets of autosomes and two Z-chromosomes or triploids with three such 
sets and three X’s are females. This leads to. a somewhat contradictory 
position, since as we have already seen in cases of normal haploidy in 
animal species the haploid individuals appear always to be males in the 
various groups of animals in which they occur. 

In seed plants, on the contrary, the haploids are, as might be ex- 
pected, hermaphrodite like the diploids 5rom which they are derived. 
Incidentally the production of haploid sporophytes differing from the 
diploid mainly only in size would be a fatal blow to the theory of anti- 
thetic alternation of generations in plants in its old form, had not that 
theory already been largely given up; for it renders untenable the view 
of the sporophyte as a post-sexual phase intercalated between two 
gametophyte generations, and differing in morphology because of its 
double series of chromosomes. The fact that marked and sudden changes 
can take place in the life cycles of various plants and animals will lead 
to a much wider introduction of mutation conceptions into the explana- 
tion of such differences in life cycles as we have been discussing. Some 
of these questions, in so far as they relate to the Thallophyta and the 
Protista, have recently been discussed by Hartmann (1929). 

It seems clear that the condition of haploid males and diploid females 
has been derived independently in different animal groups from ancestors 
with the normal bisexual conditions; and presumably some changes in 
the chromosome relations have occurred, which at the same time render 
haploids viable and lead to a redistribution of factors for maleness and 
femaleness which results in haploids being male. Schrader and Sturtevant 
(1923) discussed the difficulty mentioned above, namely that in some 
animal groups the haploids are normally males, whereas in Drosophila 
and presumably in all bisexual animals in which the female sex is homo- 
gametic, the tissue of the haploid and therefore the haploid itself may be 
expected to be female, since the effective relation is the ratio between 
the A-chromosomes and^th'e autosomes. The subsequent discovery of 
haploid-diploid mosaics in Drosophila by Bridges lent strength to this 
view. They suggest that maleness and femaleness have different threshold 
values in a continuous series, the resulting sex as diploid male, haploid 
male, intersex or female depending on the relative number of sets of sex 
chromosomes and autosomes. Some quantitative view of the male and 
female sex factors, such as that of Goldschmidt, as well as of the rest of 
the germplasm in relation to sex, is necessary to account for these 
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various relations; but before they can be understood, further cytological 
investigations of the life cycles in various animals showing haploid 
parthenogenesis will be necessary, both as regards the history of the 
autosomes and of the sex chromosomes. While this is not the place to 
discuss sex determination, yet it is recognised now that both autosomes 
and sex chromosomes carry factors wMch quantitatively influence the 
sex of the individual during periods of its ontogeny. 

^ Summary. 

1. A new case of haploidy in Oenothera described. It arose from 
Oe. Tuhricalyx pollinated by Oe, eriensis. The hybrids produced are non- 
viable, dying in a few days. Two seedlings ^n a family of 85 persisted 
and one, which survived to maturity, was haploid. It was conspicuously 
smaller, with various morphological changes, and was completely sterile 
in pollen and seeds. 

2. This haploid has smaller cells, and series of measurements (see 
Tables I-III) show that the ratio of decrease corresponds in general 
with that of increase in size in various tissues of the tetraploid. Neither 
the haploid nor the tetraploid corresponds cell for cell with the diploid. 
Both the haploid and the diploid usually have four wall layers in the 
anther, but whereas the haploid sometimes has five layers of small cells 
the diploid may have only three layers of larger cells. 

3. The various cases of haploid sporophytes in flowering plants and 
of animal species in which the males are haploid are reviewed, also the 
chromosome relations in artificial parthenogenesis. Although haploid 
plants can be reared to maturity, haploid animais usually either fail to 
^each maturity or double their chromosomes during development. 

4. Haploid sporophytes have been described in eight genera of 
flowering plants — Datura, Nicotiana, Triticum, Solanum, Brassica, 
Matthiola, Crejpis and Oenothera. The haploids are smaller than the 
diploids, with smaller cells, showing also certain alterations in form 
and sometimes in flower colour, and they are almost completely sterile. 
Such meiotic peculiarities as a unipolar hetprotypic spindle and func- 
tional pollen dyads may occur. Haploid plants have appeared, {a) after 
crossing, especially with a distantly related species, (6) after subjection 
to cold at the time of fertilisation, and (c) in the tomato, '' spontaneously.” 

5. The existence of haploid sporophytes is contrary to the theory of 
antithetic alternation of generations inq)lants, at least in its older form. 
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EXPLANATION OF PLATE VII. 

Fig, 1. Oe. eriensisx rubricalyx, f rosette. 

Fig. 2. Oe. eriensis x rubricalyx, in flower. 

Fig. 3. Haploid Oe. rubricalyx, from rubricalyx pollinated by eriensis. 
Fig. 4. Haploid Oe. rubricalyx, in flower. 

Fig. 5. Somatic metaphase showing seven chromosomes in haploid. 
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PART I. THE NORMAL SEX RATIO. 

Introduction. 

In recent years numerous publications have appeared concerning sex 
in asparagus, a normally dioecious plant. These have attracted the 
attention, not only of the botanists and horticulturists, but also of 
commercial concerns dealing with this crop, since sex seems to have a 
profound effect on the yield of the marketable asparagus. The writer 
was engaged in work on the sex segregation of asparagus with the 
California Packing Corporation from the beginning of June until the 
end of December 1926. 

During the course of this work some facts were observed which were 
not in agreement with previous statements, and it is hoped that the 
fresh data here presented may be of some benefit from the scientific 
aspect as well as from the commercial point of view. 

Historical REVIEW. 

■ ■ , ^ n 

Tiedjens (1924), in studying the physiologicar aspects of asparagus, 
noted that staminate plants produced 25 per cent, higher yield and held 
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up better from year to year; altbougli pistillate plants produced a greater 
percentage of A (large) spears. He also showed that in a large number 
of plants there was a decided uniformity in the number of buds produced 
from year to year, suggesting a genetical factor. 

The superiority of staminate plants as shown by Tiedjens seems 
reasonable; for in the production of asparagus spears, buds are formed 
previous to the period in which they develop into spears. It is probable 
that in the production of seeds on the pistillate flowers some of the food 
reserves are utilised, which n),ay inhibit bud formation as compared with 
staminate plants. The remarkable work of Kraus and Kraybill (1918) 
on tomato plants has shown that nutritional disturbances (carbohydrate- 
nitrogen relationship) affect the fruit production quite materially. Kraus 
and KraybilFs findings, in the main, have been supported by other 
workers such as Roberts (1920), Kraybill (1923), Hooker (1925), Murneek 
(1927), Paddock and Charles (1928), and Bailey (1928). Green (1890) 
compared 50 staminate asparagus plants with an equal number of 
pistillate plants for a season. He found a gain of nearly 50 per cent, in 
favour of staminate plants. He further noted that the yield was pro- 
portionately greater in the early part of the cutting than in the later. 

The writer’s experience, in observing asparagus fields for three years, 
confirms this last statement of Green. In all varieties, staminate plants 
begin to send off spears earlier in the season than pistillate plants of the 
same variety, under the same conditions. The writer observed in the 
early part of January (at Montezuma Ranch, California Packing Cor- 
poration, in 1-6 year old plantings of Mary Washington) 3-4 in. tall 
asparagus spears from the buds of staminate plants. The same height 
of spears in female plants was not attained until a month later. 

Thompson (1923) showed that in the Mary Washington strain of 
asparagus male plants produced more bpears, but that the proportion 
of giant” asparagus was smaller than in female plants. These results 
have been questioned by Green. 

Bottner (1921) also noted the superiority of male as compared witli 
female plants. He also observed that in young asparagus plantings there 
were equal numbers of male and female plants, but that in older plantings 
there was a preponderance of staminate individuals. 

During the last few years, considerable data have appeared from 
studies made at the California University Farm, Davis, California. 
In 1925 Robbins and Jones showed ^that, in both Mary Washington 
and Palmetto, staminate plants produced more spears, and greater 
weight of spears, during the first cutting season than did the pistillate. 
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This difference was proportionatelj greater during the early part of the 
cutting season than during the later part. Their data showed the same 
results during the second season of growth. They also adduced field 
observations showing that in commercial asparagus fields there were 
virtually equal numbers of staminate and pistillate individuals. 

It must be pointed out that in Robbins and Jones’ discussion, 
Table I (Ratio of Staminate and Pistillate Plants in the Pield) does not 
indicate the variety or varieties of asparagus (Palmetto, Mary Wash- 
ington or both) from which their data w^re obtained. Actually these 
two varieties show some variation in the sex ratio in the field. Further, 
their data were collected from May to September 1923, and only once 
on each of the ranches mentioned, while field observations show that 
asparagus plants continue to express their sex in November, and even in 
December. They appear to have examined only 97 plants at California 
Packing Corporation, Ryer Island, and 137 plants at Montezuma Ranch, 
Collensville — a very small proportion from a planting of about 17,000 
acres. Below we shall present data derived from some of the ranches 
in which Robbins and Jones obtained their figures which show that a 
single counting is not reliable. 

Robbins and Jones (1926) subsequently confirmed the results of their 
earlier paper and brought forward more data to show the superiority 
of male plants as compared with female plants in commercial plantings. 
Still more recently they (1928) have pubhshed the results of further 
studies on sex in asparagus, stating that the staminate plants produce 
a larger number and greater weight of stalks than the pistillate plants, 
as well as more spears per plant and a higher yield per acre, but that 
the average size of the spears is somewhat smaller. 

The work of these different authors offers sufficient experimental 
evidence of the superiority of staminate plants over the pistillate for higher 
yield of spears. Certain workers have also shown that there are generally 
equal numbers of male and female asparagus plants in commercial 
plantings, and it is to this last statement that the data in this paper refer. 

Material AN-D METHODS. 

Land on Montezuma Ranch (Cahfornia Packing Corporation) was 
selected for asparagus nursery plantings. Table shows the date of 
seed planting, the field number, acres, variety and the weight of the 
asparagus seeds. 

The beds were prepared according to the directions of Jones and 

^ For these data I am indebted to Mr R. 0. Cook of the California Packing Corporation. 
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Robbins (1924). The seeds were sorted, and only mature and unblemished 
seeds were used. Before planting they were soaked for 4| days at 86° F. 
as recommended by Borthwick (1924). The soil for field number 65 was 
analysed physically and chemically, and it was found that all plots were 

TABLE I. 

Asparagus nursery plantings, 1926, 


Date 

planted 

Field 

no. 

«A.cres 

Variety 

Seed planted 
(lb.) 

23. iii. 26 

40 

24*17 

Mary Washington 

472 

26. iii. 26 

47 

10*00 

?> 

258 

27. iii. 26 

65 

6*67 

M.W. Tract 2, 1925 

m 

27. iii. 26 

65 

6*67 

6 

27. iii. 26 

65 

6*67 

M.W. Begular 

31 

27. iii. 26 

65 

6*67 

M.W. Tract 2, 1924 

48 

27. iii. 26 

65 

13*93 

Byer Palmetto 

340 

5. V. 26 

48 

8*0 

Mary Washington 2 
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approximately alike in these respects. Mary Washington seeds were 
used, since their superiority has been shown by Norton (1924), Robbins 
(1926), Anonymous (1924), and Wheeler (1922). Palmetto was also 
grown, since it shows some resistance to rust as noted by an anonymous 
writer (1925), and by De Fabery (1916). In general all standard cultural 
methods, such as hoeing, cultivation, irrigation, were followed as 
commonly practised in the Delta region. 

In the latter part of June blossoms began to appear. Two adjacent 
nursery plots showed very uniform growth. From this time until the 
end of December the sex was determined, counted and recorded. Each 
plant as determined for sex was tagged. Blue tags were used for 
staminate flowers and red tags for pistillate. The field was run over 
daily, and a record of the blossoms appearing was taken. At the end of 
the season the data were collected together and arranged according to 
Fisher (1925). 

Simultaneously a second study was carried out on plants grown in 
1-5 year old beds on the same ranch. No tags were used in this case. 
The data were arranged in the same way as above, and the results will 
be discussed elsewhere in this paper. 

Several 2-4 year old male afid female asparagus (Mary Washington) 
crowns were secured in November 1927 from Sutter Basin Company. 
They were grown in the open in pots on Berkeley Campus of the 
University of California, and observations on their growth were made 
until the end of July 1928 (cf. Figs. 1 and 2). 

For the general identification of male and female flowers, drawings 


Fig. 1. Mary Washington aspariJ^us male plant (right), female plant (left). Note the 
growth made by these plants in 4 weeks, after growing the crowns in the pots. 



Fig. 2. The same plants as in Fig. 1 about 2 ^ months later, male on left, female on right. 
Note the greater number of shoots and greater amount of growth in the male plant 
as compared with the female. This was typical of 50 pots. All crowns used were of the 
same weight and all environmental conditions were identical. # 
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of these flowers at two stages were prepared. They show the typical 
morphological differences between the two hinds of flowers (cf. Pim 
3 and 4). 



Fig. 3 o. A typical staminate flower of Mary Washington, strain of asparagus 
in an early stage. 


r 



Fig. 3 6. The same kind of flower when open. 



Fig. 4 a. A typical pistillate flower of asparagus (Mary Washington) in the same stage 
as the staminate flower in Fig. 3 a. Note the difference in appearance as to size and 
shape, especially toward the tips of the flowers. AD flowers are much enlarged. 


Fig. 4 6. A typical pistillate flower from the same plant (as above) and in the same stage 
of development as flower in Fig. 3 6, Note the difference at the tips in both kinds 
of flowers. 

Eesults. 

It will be seen from Table II that both Palmetto and Mary Washing- 
ton plants grown from seed showed difierences in the sex ratio during 
their first year, under Californian conditions. In both varieties the 
percentage of staminate plants was smaller than the percentage of 
pistillate plants. The figures were based on the counts which were carried 
out continuously from August to December. 
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TABLE II. 


Field 
no. 

65 
65 

Tlie data also show that in Mary Washington there was lower per- 
centage of staminate plants than in Palmetto, while the percentage of 
pistillate flowers was the reverse. Further, the last column shows 
that in the first year 11*0 per cent, of Mary Washington did not 
flower, while for Palmetto the percentage was 8*4. There were very 
heavy frosts on December 15th and 16th, which might have checked 
further blossoming; and a heavy wind from December 1st to 8th, which 
might have caused many berries and blossoms to fall. 

This ratio of staminate and pistillate plants differs from that shown 
by Bobbins and Jones; but since their counts were of 1 or 2 year old 
beds, these data are by no means comparable with their Table I. 

In order to obtain comparable data observations in some of the 
fields in which Bobbins and Jones counted asparagus plants were made 
throughout the season. At the end of the season these records were 
compiled, and will be discussed below. 

Sex ratio in 1-6 year plantings. The ratio of staminate and pistillate 
plants in 1-5 year old commercial plantings is shown in Table III. 
The data in columns IX and X seem to indicate that in both the 
ranches a lower percentage of staminate plants was found than pistillate, 
and this occurred in both varieties of asparagus observed. The data also 
indicate, for beds set in the same year, a lower percentage of staminate 
flowers in Mary Washington than in Palmetto. This percentage was reversed 
in the case of pistillate plants. Two points are worthy of note. First, 
that the bed set in 1921 had a slightly lower percentage of staminate 
plants than beds set in 1925 (Byer Island Ranch) and in 1923 (Montezuma 
Ranch). The percentage of pistillate individuals was higher in the older 
than in the younger beds. Two explanations seem plausible. In theyounger 
beds, the percentage of plants not in flower was higher than in the older 
beds. If most of these were potential pistillate plants, the percentage 
of staminate plants would have been decreased. Secondly, as the 
asparagus beds became older Some asparagus plants must have died, 
and mortality may have been higher for male than for female. To test 


Relation of staminate and pistillate plants during the first 
year after planting of seeds. 


Variety 

Mary Washington 
Palmetto 


No. of plants Staminate Pistillate 

counted (%) (%) 

* 34,240 28-9 60-1 

7,629 ■ 33-1 58-5 


Plants not 
in bloom 
(%) 
11-0 
8-4 
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TABLE III. 

Ratio of staminate and pistillate plants in 1-6 year old commercial plantings. 


(Observations made between June and November 1926.) 


I 

II 

Ill 

IV V VI VII 

Robbins and Jones’ data 

VIII 

IX X 

The writer’s count 

XI 




r 



Plants 




Plants 




No. of 

Stami- 

Pistil- 

not in 

No. of 

Stami- 

Pistil- 




Bed 

plants 

nate 

late 

bloom 

plants 

nate 

late 

bloom 

Ranch 

Location 

set 

observed 

(%) 

(%) 

(%) 

observed 

(%) 

(%) 

{%) 

California 

Ryer Island 

1921 

97 

^0-5 

48*4 

1-1 

T. 1856 

— 

■ — 


Packing 







M. 950 

30-1 

69-9 

0 

Corporation 







P. 906 

35-7 

64-2 

0-1 



1922 

— 

— 

— 

— 

T. 1121 

— 











M. 602 

29-9 

69*3 

0-8 








P. 519 

36-2 

63-68 

042 



1923 

— 

— 

— 

—r 

T. 1102 

— 

— 









M. 590 

30-4 

68-5 

1-1 








P. 512 

37*0 

61-9 

1-1 



1924 

— 

— 

— 

— 

T. 809 

, — . 

, __ 









M. 459 

30-0 

68-69 

1-31 








P. 350 

37-7’ 

61-0 

1-3 



1925 

— 

— 

— 

— 

T. 790 

— 











M. 401 

33-0 

65-2 

1-8 








P. 389 

37-2 

61-1 

1-7 

Montezuma 

Collensville 

1921 

137 

51-8 

48-2 

0 

T. 967 

— 

_ 

— ' 

Ranch 







M. 522 

31-5 

68-5 

0 








P. 445 

38-1 

61-1 

0-8 



1922 


— 

— 

— 

T. 823 

— 

— 









M. 511 

33-1 

65-8 

1-1 








P. 312 

38-7 

59-7 

1-6 



1923 


— 

— 

— 

T. 722 

— 

— 




? 





M. 401 

30*7 

67-9 

1-4 








P. 321 

45-1 

53-1 

1-8 


Note. 

T. = 

Total plants 

observed (Mary Washington plus Palmetto). 





M.= 

Mary Washington plants observed. 







P. = 

Palmetto plants observed. 







this possibility the writer walked through the asparagus rows iu both 
of these ranches (1926), and found that of 87 unrecoverable plants 
51 (approximately 59 per cent.) were staminate.- A comparison of these 
figures with those taken from Table I of Robbins and Jones shows 
(even for the bed set in the same year) that the results do not coincide. 
In one case, however (1923), my figures approximate to those shown by 
these authors, viz. for Palmetto plants in Montezuma Ranch (bed set 
in 1923). Since in all other cases the percentage of staminate asparagus 
plants (both Mary Washington and Palmetto) is lower than that of pis- 
tillate plants, it is difficult to accept Robbins and Jones’ results. 

SUMMABY. 

1. Sex ratios were determined in ^ two commercial varieties of 
asparagus (Mary Washington and Palmetto) grown under Californian 
'conditions";'"'",; 
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2. Working with, asparagus plants grown from seed, as well as 
plants grown in .1-5 year old beds, it was found that there was a lower 
percentage of staminate plants than pistillate. There was only one case 
where the ratio noted was about equal. 

3. The data show about 29 ± 3 per cent, staminate plants and 
66 ± 5 per cent, pistillate planta. 

4. Mary Washington usually had fewer staminate plants than 
Palmetto. 

6. Observations of the commercial asparagus plantings, as well as 
qualitative determinations in plants grown from 4 year asparagus crowns, 
showed that staminate plants yielded more than pistillate plants. 

6. It is a prevaihng opinion among farmers as well as among scientists 
that Mary Washington is a more desirable strain of asparagus. Since 
some workers have shown quantitatively, and this study has shown 
qualitatively, that staminate plants yield more than pistillate, it is very 
essential to have a higher percentage of staminate plants grown in the 
field. 

PART II. ARTIFICIAL MODIFICATION OF THE SEX RATIO. 

Mateeial and methods. 

It is known that under normal conditions of pollination many 
dioecious plants exhibit a varying excess of female plants; though in 
certain cases Correns obtained a marked increase in the proportion of 
males. These results indicate that there may be two classes of pollen 
grains, namely, female determining and male determining, and that 
under competitive conditions the former are favoured. The writer has 
always wondered whether the basis for differentiation into these two 
classes was physiological or genetic. This is of particular significance 
when we consider the importance of size, shape and colour reaction of 
pollen carbohydrate grains, as pointed out by Sears and Metcalf (1926--7). 
Whether these chemical reactions be considered of any importance in 
the genetic analysis or not, it is worth while to consider the carbohydrate 
changes in pollen before any experiments on pollination be conducted. 
Such factors as temperature ought to be considered. This seems necessary, 
because these (physiological) considerations might influence the chromo- 
some equipment. Furthermore there may also be numerous cases in 
which digestion rates of pollens# may supply criteria with reference to 
genetic factors. 

In July 1926, matured pollen was collected from Mary Washington 
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asparagus plants, produced from 4 year old crowns. The trophic and 
environmental conditions of the bed into which these crowns were trans- 
planted were very uniform. About 800 plants (free from any visible 
effects) were selected at Montezuma Ranch California Packing Corpora- 
tion. Only matured pollen was used throughout the course of this study. 
The importance of matured pollen has been emphasised by many workers, 
including Bond (1927), whose paper appeared during the course of this 
study. 

Pollen was collected in smsall air-tight phials and tested for maturity- 
under the microscope. It was divided into four equal lots, A, B, C and D. 
All of these processes were carried out on the same day. Prom field 
observations it was noted that fresh pollen gave a peculiar odour, which 
decreased as it aged. 

The writer assumed that the chemical cause of this odour was some 
essential oil or oils, which contained a fair percentage of ester. This 
chemical or chemicals seemed to be volatile; hence the diminution of 
odour might have been due to the passing off of these oils. It is con- 
ceivable that the presence, absence or abundance of these chemical 
substances might have some effect on the activity of pollen. If this be 
true, it is also conceivable that a decrease or increase of these substances 
might affect the functioning of poUen qualitatively as well as quantita- 
tively. 

To test the above assumption pollen of lot A was further divided 
into three portions, a, b, c. Portion a was exposed for 6 hours, b for 
12 hours and c for 24 hours. Pollen of lot B was put in a distilling flask. 
Volatile oil or oils were distilled, with a very gentle current of steam 
by means of steam distillation, following the directions of Houbeu 
(1921). Preference was given to this method because it has been shown 
by Perry (1911) that the extraction of essential oils by steam distillation 
is the most common and generally applicable method. About 13 c.c. of 
distillate were obtained. This was further distilled by a Wurtz flask to 
separate the distillate into fractions at the negative pressure of 10 mm. 
with the equipment recommended by Allen. Three fractions were ob- 
tained, of which only the first was used because it was found that the 
substances with low boiling points gave more odour than the others. 
Walker (1913) has shown that a higher percentage of volatile oil is 
distilled in the first fraction than in the fractions following; assuming 
that the boiling point of the oil is lower tjian that of the associated liquids. 
Thus it was necessary to use only the first fraction, whose volume was 
'6*3:'C.C.'''; 
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The apparatus for gentle spraying of the distillate was prepared as 
shown in Fig. 5. This was constructed on the principle of a simple nose 
and throat atomiser. The hole for spraying was much smaller (to ensure 
a fine spray) and a small graduated tube for holding the liquid was 
sealed to the base. Pollen of lot C was divided into three portions. Three 
slides, commonly used for hanging drop studies, were thoroughly cleaned, 
dried in an oven at 65° C., allowed to cool in a desiccator (containing 
sulphuric acid), and weighed (up to four decimal places) until a constant 
weight was maintained. These slides were labelled 1, 2 and 3. The three 
portions of pollen from lot C were poured into each of the slides and 
weighed. The difference between the weights of the slides, plus pollen, 
and the empty slides gave the net weight of the pollen in each slide. 



The distillate (presumably volatile oil) was sprayed by means of the 
apparatus mentioned above. Each time a small quantity of liquid was 
sprayed very evenly and gently on pollen. The increase in weight was 
followed very carefully. , Spraying was stopped when pollen in portion 1 
increased 10 per cent, of its weight; in portion 2 increased 30 per cent.; 
and in portion 3 increased 60 per cent. The slides were immediately 
covered with clean cover glasses and sealed with wax. This was necessary 
to prevent the escape of the sprayed liquid. The cover glasses were 
taken off immediately before pollination. 

Pollen of lot D was divided into three portions and put in three 
hanging drop slides. They were sprayed with distilled water by means 
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of the apparatus used previously for lot C. The slides were also treated 
in the same way as those recorded before. Spraying of distilled water was 
stopped, when portions 1, 2 and 3 increased 10, 30 and 60 per cent, of 
their weight respectively. These portions of lot D served as checks. 
This was essential, since it was assumed that a unit volume of water 
could not bring about the change in .activity of pollen which a unit 
volume of volatile oil could. The slides after spraying were sealed in 
much the same way as the slides of lot G. About 100 normal pistillate 
Mary Washington asparagus^plants of the same bed were selected. While 
the flowers were still unopened, they were covered with small paper 
bags. When the flowers opened, the pollen of each of the three portions 
of lots Ay B and C was applied by means of a cameTs-hair brush. The 
flowers were again covered by the bags for'"4 days. About six to eight 
flowers on each plant were pollinated. The berries produced were picked 
at maturity on November 25th and the seeds removed. About 120 to 
125 seeds were secured from each of the three portions of lots A, 0 and D. 

On February 25th, 1927, these seeds were planted in nine rows. Before 
planting, they were soaked for 4| days in water maintained at 65° T. 
This was necessary for better and quicker germination as discovered by 
Borthwick (1924). Observations to determine the sexes of the flowers 
were made from July to November 1927. In July about 30 more plants 
were treated in a manner similar to lot 0 of 1926, namely, with volatile 
oil. These portions yielded 102, 110 and 118 (total 330) seeds respectively. 
They were planted in January 1928 in the Horticulture Greenhouse, 
University of California, Berkeley, and allowed to grow until the end 
of July 1928. In both years staminate, pistillate and non-blossoming 
plants were counted and tabulated. . 

Eesults. 

Table IV shows the absolute numbers and percentages of staminate 
and pistillate plants from pollen which was treated in the several different 
ways. Columns VI and VII show the number of staminate and pistillate 
plants. The data indicate that, as the exposure period was increased 
(lot Ay portions 1 to 3) from 6 to 24 hours, the absolute number as weU 
as the percentage of staminate plants decreased. It is assumed that by 
such an exposure of the pollen, some water and volatile oil may decrease. 
As these two components of the pollen grains diminished, the percentage 
of staminate plants decreased, while th.at of pistillate increased. Column 
VIII seems to show that by this treatment of the pollen the number of 
non-blossoming plants increased. It is seen from the data that pollen 
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TABLE IV. 


Data showing the ratio of staminate and pistillate asparagus {Mary WashDiyton) 
plants, as modified hy the pollen, which was treated as mentioned. 


I 

II 

Lot and 
portion 
no. 

III 

How 

IV 

Seeds 

V 

r 

VI VII 

7 Plants secured 

A 

Stami- Pistil- 

VIII 

Non- 

blos- 

IX X 

Percentage 

A 

t ^ 

Stami- Pistil- 

XI XII 

Percentage 
excluding non- 
blossoming plants 

^ A. - 

Stami- Pistil- 

Year 

treated 

planted 

Total 

nate 

late 

soming 

nate 

late 

nate 

late 

1027 

Al 

Exposed 6 hr. 

120 

117 

38 

69 

10 

324 

58-9 

35-5 

64*5 

2 

„ 12 „ 

120 

119 

36 

72 

11 

30*2 

66-0 

33-3 

66-7 


3 

24 , 

55 n 

120 

115 

31 

71 

13 

27-0 

61-7 

304 

59-6 


<7 1 

Sprayed with vo- 
latile oil until 
10 % increase 
in wt. 

124 

121 

"’ll 

52 

60 

9 

43-0 

49*5 

464 

53-6 


2 

Increase 30 % 

124 

123 

69 

45 

9 

56*1 

36-6 

60-7 

39-3 


3 

„ 60 % 

124 

110 

69 

30 

11 

58-5 

32-2 

64-5 

35-5 


Dl 

Sprayed with 
water until 10% 
increase in wt. 

120 

114 

40 

63 

11 

35-1 

55-3 

38*8 

61*2 


2 

Increase 30 % 

120 

117 

42 

66 

9 

354 

56-5 

39*8 

60-2 


3 

>, 60 o/o 

120 

118 

41 

66 

11 

34-7 

55-9 

38-3 

61-7 

1026 

Cl 

Sprayed with vo- 
latile oil until 
10 % increase 
in wt. 

102 

101 

45 

53 

3 

44-5 

52*5 

45*9 

544 


2 

Increase 30 % 

110 

107 

57 

42 

8 

53-2 

39-2 

57-5 

42-5 


3 

„ 60% 

118 

111 

59 

42 

10 

54-0 

37-8 

584 

41-6 


in various portions of lot G showed just the reverse of lot A, namely, 
that when pollen (portion 1) was sprayed with volatile oil (distillate) until 
the pollen gained 10 per cent, of its weight, the number as well as the 
percentage of pistillate plants decreased while staminate plants increased. 
The same happened for portions 2 and 3, although there was not much 
difierence between them. It was also noted that the number of non- 
blossoming plants was less than in any other lot. 

This comparative study between staminate and pistillate plants, 
namely, quantitative increase of distillate (volatile oil) percentage of 
the weight of pollen, increased the percentage of staminate plants and 
decreased the percentage of pistillate plants. This seemed to be true for 
all the plants grown from seed which were obtained from the volatile 
oil sprayed poUen. On comparing the plants grown from the seed of 
lot il, portion 3 (pollen after 24 hoursVexposure), with those of lot 0, 
portion 3, pollen sprayed with distillate until it increased 60 per cent, 
of its weight, there is a difference of 26-1 per cent. In other words 
26d per cent, more plants expressed maleness in their sex due to re- 
placement of the original amount of volatile oils lost, plus a probable 
additional volume over the amount originally present in the pollen. 
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Evidently pollen from lot A, portion 3, was negatively affected by tbe 
decrease of volatile oil and pollen from lot C, portion 3, was positively 
affected by the increase of the oil with reference to the production of 
staminate plants. 

Disregarding the number of non-blossoming plants, it was found that 
increase of staminate plants and decrea^se of pistillate plants due to this 
treatment (lot C) was still higher (29*0 per cent.) (see data in Columns 
XI and XII). It may be argued by some that this increase in favour of 
staminate plants and decrease in pistillate plants might be due to the 
addition of water rather than the volatile oil. The justification for such 
an argument would seem valid when one considers the data pertaining 
to lots A and 0. In lot A, whereas volatile oil might have been de- 
creased, water also evaporated. ^ 

Similarly in lot 0, along with volatile oil, water was also added. The 
decrease of staminate plants might not be only due to the oil, but also 
due to water loss. Similarly the data showing increase of staminate plants 
due to increase of volatile oil might also be due to increase of the water 
content of the pollen. To decide this point we have the results in lot D 
where the same volume of distilled water for portions 1, 2 and 3 replaced 
the volatile oil. The data show that on varying the amount of water 
the ratio between the staminate and the pistillate plants remained prac- 
tically the same. No particular increase of staminate plants was noted 
with the increase of water content, and this was also true of the 
pistillate plants. 

We may, therefore, conclude that the increase in the proportion of 
staminate plants found in lot G was due in some way to the effect of 
the volatile oil on the pollen. 

SUMMABY. 

1. The data show that a lower percentage of staminate plants is due 
to the lack of a proper amount of volatile oils left in the pollen before 
pollination. 

2. By the use of pollen sprayed with volatile oil the percentage of 
staminate plants was increased rby about 26*1 zb 1. 

3. The data show that it is the presence or absence or abundance 
of volatile oil in the pollen which modifies the normal ratio of staminate 
and pistillate plants, and not the increase or decrease of water content. 
If water has any significance in the ratio, it is very small (i 4 per cent.). 

4. It is possible by this method to increase the percentage of stami- 
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nate plants over that of pistillate ones, at least in the Mary Washington 
strain of asparagus. 

To Messrs J. Van Tonningen and R. 0. Cook of the California Packing 
Corporation, and to Mr Dorthy of the Sutter Basin Co., I wish to 
express my appreciation of the interest shown by them in these experi- 
ments. My thanks are also due to Dr Jones and Dr Bennett of the 
University of California, 
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Wheat genetics entered a JEresli phase -with Sakamura’s discovery 
(1918) that the species might have 14, 28 or 42 chromosomes (diploid), 
and with Kihara’s work on the cytology of hybrids between species with* 
difierent numbers of chromosomes.* Since then these partially sterile 
Joum, of Gem xxm ^2 
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hybrids have been studied by several workers both genetically and 
cytologically. In 1921 appeared Percival’s account of the genus, in whicli 
the more important wheat forms from most regions of the globe were 
described and classified ; and the work of V avilo v and his school, appearing 
chiefly from 1922 onwards, has still further enriched our knowledge of 
the systematics of the genus. 

It must be confessed, however, that the various genetical and 
cytological workers have not always agreed in their conclusions, that 
this side of the work has » proceeded almost independently of the 
systematics, and that it is difficult for workers on other genera to form 
an opinion on the various views put forward. It is, therefore, pro- 
posed to, give in this paper,, as far as possible, a critical account of 
what is known about the origin and genetic relationships of the wheat 
species, and of their behaviour when crossed. It is hoped that within the 
limits set no important questions of principle haye been omitted, but 
no attempt has been made to deal with all the papers that have been 
published. ^ > 

Two reviews of wheat literature have appeared recently: in 1927, 
Kaj anus’ ''Die Ergebnisse der genetischen Weizenforschung”; and in 
1928, Bleier’s "Genetik und Cytologie teilweise und ganz steriler 
Getreidebastarde.” The first deals primarily with the inheritance of the 
different characters. The second gives a descriptive account of hybrids 
in Tritioum, Secale and Aegilops, their cytology, fertility and genetical 
behaviour when known. To both of these I am indebted for information. 

In describing the species crosses we have to deal with plants possessing 
univalent chromosomes, and for these "haploid chromosome number” 
is a meaningless expression. I have therefore given diploid numbers 
throughout the paper, unless the contrary is stated, 

1. SYSTEMATICS, 

(1) Introdxjction. 

The genus Triticum is nearly related to Secale, Agropyrum mi 
Aegilops; smd has indeed been united with the latter. To illustrate their 
relationship it may be mentioned that Triticum crosses readily with 
Secale and Aegilops, and that a tri-hybrid has been obtained by crossing 
zii Aegilops x Triticum Fivdih Secale cereale 1927); 
and, again, that the wild grass /S. mllomm W has also been described as 
T, mllosumM.'&. 

At the present time which has been suggested as one of the 
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progenitors of T. mlgare, demands considerable attention; and for an 
account of tbe genus tbe work of Eig (1929) should be consulted. Its 
cytology has been incompletely studied, but it is worthy of note that 
there is no clear connection in this genus between chromosome number 
and systematic position, as there is in Triticum. The genus has been 
divided by Eig into several sections; the haploid numbers 7, 14 and 21 
occur within both the sections PachystacJiys and Pleionathera, while so 
far only the number 7 has been found within the section Platystachys 
(Schiemann, 1928 h\ 1929). ' 

(2) The difeehentiation into thbee oroups. 

In most genera of plaiits and animals insight into the problems of 
systematics is hindered because little is known about variation within 
species as they are found in nature; and Triticum is probably the only 
polymorphic genus of which it may . be said that practically all types 
that now exist are known. Wheat is grown over the greater part of the 
world, ranging from about 67° N. latitude to almost tropical conditions. 
In North and South America, South Africa, and Australia, it has been 
introduced only in recent times, chiefly from Europe, and only a com- 
paratively small number of forms are cultivated ; but in the greater part 
of Europe, Northern Africa, and Asia, it has been cultivated from a very 
early period— in Europe it has been found in Stone Age deposits (Percival, 
1921) — and, as we should expect from its antiquity and wide distribution, 
a great diversity of forms exists. Contrary to what might have been 
expected, wheat offers the same problems in systematics and geographical 
distribution that wild plants do. No doubt selection of seed, deliberate 
or automatic, has gone on from very early times; but, except in recent 
years in the most civilised countries, it has usually been done in crude 
and dilatory fashion, when done at all, and has not differed in principle 
from the selection exercised by nature. Similarly, the spread of new 
types seems usually to have been slow and continuous. 

The list on p. 176 gives the species of the genus described by Percival 
in his monograph (1921), with the addition of T, persicum, b, species 
recently described by Vavilov and Jakushkina (1925). 

The first important point to discuss" is this differentiation into three 
distinct groups of species with a different chromosome number charac- 
terising each group. 

Most of the species and them diagnoses have been fairly well defined 
since the work of Seringe in 1841-2 (Percival, 1921) ; and the classification 
of Kornicke (1885) has only been superseded by the work of Percival 




176 


The Wheat Species : a Critique 


GrBOUP I 

Group II 

Group III 

With 14 chromosomes 

The “Emmer group” with 

28 chromosomes 

The “vulgare group” 
with 42 chromosomes 

T. aegilopoides Bal. (wild 
form) 

T. dicoccoides Korn. 

(wild form) 

, — 

T. monococcum L. 

T. dicoccum Schiibl. 

T. persicum Vav. 

T. orientale Perc. 

T. durum Desf. 

T. polonicum L. 

T. turgidum L. 

T. pyramidalt Perc. 

r 

T. mlgare Host. 

T. compactum Host. 

T. sphaerococcum i^vc, 
T. Spelta L. 


(1921) and of the Eussian school. That the species fell naturally into 
three groups was concluded by Schulz in 1913 (see Tschermak, 1914 ; and 
Percival, 1921), by Vavilov (1914) as a result^of studying their resistance 
or otherwise to the attacks of fungi; by Zade (1914) from serum re- 
actions; and by Tschermak (1914) from the degree of sterility they show 
when crossed, a method amplified by Sax (1921). By Flaksberger (1916) 
and Percival (1921) this grouping was accepted. 

Overton (1893) gave 8 as the haploid and 16 as the diploid chro- 
mosome number for T. vulgare; Kornicke (1896) reported the same 
numbers for compactum; while Dudley (1908), Nakao (1911) and Bally 
(1912) confirmed these results. Wheat is not easily fixed, and no doubt 
poor fixation was partly responsible for such a sequence of errors. 
However, Spillman (1912) stated that /%heat’’ had 40 or more chro- 
mosomes, and Sax (1918) found approximately 28 in the first division 
of the fertilised egg cell of T, durum. Correct counts were first given 
by Sakamura (1918), working with root tips, and finding 14 for mono- 
coccum, 28 for dicoccum, durum, turgidum and polonicum, 42 for vulgare, 
compactum and Spelta. He pointed out that these results agreed with 
the grouping of the species worked out by Schulz. Kihara (1919, 1921) 
confirmed Sakamura’s numbers for the somatic cells, and found the 
corresponding haploid numbers, 7, 14, 21, at the reduction divisions in 
the microspore mother cells. These numbers are now well known, and 
there is no need to cite the numerous later workers who have confirmed 
them. ' , ■ ' 

Nowadays it is sometimes the custom to settle the systematic position 
of a wheat form, if this gives difficulty, by counting the chromosomes. 
But it must be realised that the grouping of species was efiected before 
their chromosome numbers were known; and Percival (1921) has 
described some 2000 forms which were <all assigned to their appropriate 
species without knowledge of their chromosome number. It is, therefore, 
clear that there is a quite definite association between the chromosome 
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number of a wheat plant and its characters; and one of the problems 
before us is to discover the origin and reason of this association. 

At this stage we may profitably ask what characters define the groups, 
and how great is the variation within each group. The differentiation into 
species will be dealt with later. Although such an enquiry would appear 
to be simple, it is, in fact, very difficult, for it soon becomes clear that 
it is far easier to recognise the group to which a previously unknown 
form belongs than to discover and describe the characteristics of such 
a group. 




Fig, 1. Diagrams of ears of wheat in side view. A, dense ear; B, lax ear. 

Fig. 2. Diagram of spikelet of wheat in face view. r. =rachis, 5 . =spikelet, /.= flower, 

gf. = glume, m. srachilla. 

Within the first group the range of variation is small and affects 
only a few characters. Eelatively few types are known, and though it is 
possible that diversity was greater in the past, there is no doubt that 
this group, which is botanically the most primitive, is characterised by 
little variability. Both species a^e fairly easily recognised, and all forms 
have the primitive characters brittle rachis and tough glumes that 
invest the grains closely, while usually only one grain per spikelet is set. 
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In the second group diversity is great. Several hundred distinct 
forms are grown at Beading by Prof. Percival. Characters not found in 
the first group appear, such as rounded or weakly keeled glumes, loose 
glumes that do not hold the grain, tough rachis, many flowered spikelets, 
large grains, broad leaves and stouter straw. As many as 66 varying 
characters have been described by Orlov (1922) for the species durum 
alone. 

But systematists are agreed that the greatest polymorphism occurs 
in the third group (Percival, 4921; Vavilov, 1922 a), and Prof. Percival 
grows more than a thousand forms yearly. Forms with beardless ears, 
with the straw almost devoid of pith, and with entirely different glume 
shapes, to mention only a few characters, ^appear for the first time. 
Evidently, as Sax has said (1922), there has been in the genus an increased 
variability with increased chromosome number. 

Most characters vary in similar fashion within both the second and 
third groups; and some do so within all three. Of such characters several, 
such as colour of chaff, colour of grain, pubescence of chaff, have been 
shown to depend on one or more factors; and many others show no 
peculiar genetic features beyond those usually attributed, often pre- 
maturely perhaps, to characters dependent on a number of factors. 

From comparing the variability of the groups we may turn to con- 
sider the characters by which they can be recognised. The 14 chromosome 
wheats (Percival, 1921 ; Flaksberger, 1925, 1926 a) have a striking 
general similarity, and differ from all other wheats by the palea, which 
divides longitudinally when the ear is ripe. They are also fairly easily 
recognised by the small grain, the ear shape, glume shape, and habit. 
The spikelets are two-flowered; and though in most types only one gives 
grain, both will set in most spikelets of ‘‘Engrain Double,’’ a variety 
of monococcum. This variety, therefore, approaches and 

dicoccoides, in which a set of two, or occasionally three, grains per 
spikelet is the rule (Percival, 1921). The fracturing of the rachis just 
above each spikelet when the ear is ripe is a character shared with 
dicoccum and dicoccoides alone; and the very slender straw is a feature 
sometimes found in the latter two species. Although quite clearly 
defined, the species of the first group evidently approach fairly closely 
io dicoccoides and Indeed confusion has occurred, for Flaks- 

berger (1926 a) has shown that De Mol’s count of 7 chromosomes 
(haploid) for dwccoides (1924), instead? of 14, was due to an incorrect 
diagnosis, the plant in question being really T, aegilojpoides var. Thaoudar. 

Separation of the second from the third group is more difficult, and 
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if we refer to Percivars description of the species (1921) we find only 
one character, the arrangement of the leaf hairs, with a definite constant 
difference in the two groups. To see the genetic problems of the species 
in their true light we must realise two facts: (1) that it is difficult to find 
any one character by which the two groups can be distinguished, and 
(2) that we can tell the chromosome number of any wheat from its 
appearance. The former point is well exemplified by the ^'Law of Homo- 
logous Series in Variation’’ enunciated by Vavilov (1922 6), largely as 
a result of his experience with wheat an^ other cereals; and we may 
conveniently consider his conclusions here. Parallel variation in allied 
species was mentioned by Darwin (1868) and other workers, and is 



Fig. 3. Fracturing of the racMs. A, above each spikelet, as in dicoccum, etc.; B, below 
each spikelet, as in Bpdta, 

familiar to workers on Hymenoptera, Diptera and Lepidoptera; but it is 
to Vavilov that we owe the formal statement of the proposition and its 
application to praGtice. He states that the same alternative characters 
that distinguish the varieties of one species will also distinguish the 
varieties of other species of the same genus; and that a similar relation 
holds for the species of related genera. In “T. durum, T. polonicum, 
T. twgidum, are white, red and black eared varieties, smooth 

hairy eared, white and red grained, winter and spring varieties” Just as 
in mlgare. Again in rye, Secale cereale, Just as in wheat, are found 
varieties with hairy or smooth ears, with hollow straw or solid straw, 
with a fragile or with a tough grachis, with ligules or without ligules, to 
quote a few out of 34 instances given. It was finding an eligulate wheat 
that led him to search for, and to find, an eligulate rye. 
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la tke second and tMrd wlieat groups many characters vary; and the 
''Law of Homologous Series/’ pushed to its extreme conclusion, implies 
that no character that varies at all can be of diagnostic value, since it 
should vary equally in both groups. This conclusion is perhaps to a great 
extent true; and it is certainly very difficult to discover from the modern 
Eussian systematic work, which is largely based on the Law in question, 
how the forms of these two wheat groups can be distinguished. It is 
perhaps a disadvantage of the theory that it has concentrated attention 
too much on resemblances between species, or groups, and not enough 
on differences, which from both the genetical and the practical stand' 
point are just as important. Of course the possibility remains that the 
groups are not distinguished by single characters but by the way in 
which the characters are combined, but this explanation is probably only 
partially true. 

With this introduction we may consider in some detail the differences 
between the second and third groups. 

Vavilov (1922 a) and Orlov (1922) describe 66 varying characters’ 
for the species vulgare and durum respectively. In most cases they are 
dealing with the same characters, so that it is not very difficult to 
compare the variation within the two species by examining their tables. 
In a few cases the characters are not comparable, but taking Vavilov’s 
66 as our standard we can summarise the results oithe comparison as 
follows : 

(1) 34 characters vary in the same way in both species. 

I have included here the characters ligulate and eligulate; since eligulate d%mm 
forms have now been found (Flaksberger, 1926 6). 

(2) In 6, vulgare has variants not given for durum but found in 
other 28 chromosome wheats. 

Nos. 3, 9, 10, 14, 25, 34, in Vavilov’s list. 

(3) In 7 there are no differences of systematic importance. 

Nos, 5, 29, 30, 45, 48, 63 and 66. Some of these are characters not dealt with by 
Orlov (e.g. variation in number of leaves, and in productivity), and in the others there 
is no important difference {e.g, the existence of purple grained durum forms is not 
important). 

(4) In 6 the differences are probably, but not certainly, unimportant. 

Nos. 20, 21, 35, 43, 50 and 55. The most important is the keel of the glume, for 
which the variation described in the two species is similar, and this character is given 
later in some detail. The others are not given by Orlov; an example is length of ear, 
a difficult character, but probably longer ears could be ioxmd sbmong vulgare wheats 
than anywhere else. 
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Ttns, out of 66 cliaraoters, no less than 63 vary in the same way in 
the two groups, or at the most show unimportant differences. Of the 
others: 

(5) Five show a different, but overlapping, range of variation in the 
two cases and may be of systematic importance. 

No. 8, hairiness of rachis, is not certain from the descriptions given; but probably 
diferences do exist (cf. Percival, 1921). 

No. 13, awn length, is not given by Orlov. Short awns may occur in either group 
but most durum forms have longer awns than are ^ver found in vulgare. 

No. 38, habit of growth. Vavilov gives variation from erect to prostrate in vulgare; 
Orlov from erect to semi-erect in durum, Percival (1921) describes prostrate 28 
chromosome plants, but the character is probably much rarer than in vulgare. 

Nos. 40, solidity of straw, and.65, resistance to disease, are considered in detail later. 

Probably some other characters would be found to belong to this class if they 
were examined in more detail. 

(6) Eight show differences that are of some importance. 

No. 1. Vulgare may be beardless or bearded, but 28 chromosome wheats are 
bearded except for occasional known hybrids. 

Nos. 6, 15, 26, 31, 32 refer to shape of ear, of glumes, or of grains. Glume shape 
is dealt with later. 

No. 42, leaf hairs. Por both species variation from hairy to glabrous is described, 
but Percival (1921) describes differences in the way the hairs are arranged. 

No. 36, grain hairs, is not given by Orlov. l am not familiar with this character, 
but important differences may exist. 

The results, besides illustrating the Law of Homologous Series, show 
how difficult it is to j&nd differences between the two groups. All the 
characters given were varying characters, and no invariable characters 
that would serve for differentiation have yet been discovered. 

But though we cannot find a character that is common to all forms 
of one group and is quite absent from the other there are nevertheless 
characters that are confined to a single group though they are not 
common to all forms. The best example is perhaps T, polonicum, which 
has a very long glume, not found elsewhere in the genus, and is thereby 
easily recognised (Fig. 5 L). Other instances are: the beardless ears of 
many forms of the third group, though this character is easily transferred 
by crossing; brittleness of the rachis just above the spikelet, found only 

dicoccumy dicoccoide^ and to some extent perhaps in a few durum 
forms; brittleness of the rachis just below the spikelet, found only in 
Spelta; and other cases might be cited. Some characters, too, are 
developed to a greater degree iff one group than in the other although 
there is no difference in kind: thus many durum forms have far longer 
awns than are ever found among 42 chromosome forms (Percival, 1921). 



182 


The Wheat Species: a Critique 

Furtlier discussion may best be done by considering three characters: 
solidity of straw, resistance to disease, and glume shape. 

Solidity of straw has already been noted (p. 181) 
as a character showing a different, but overlapping, ■ 

range of variation in the two groups. Orlov (1922) I 

describes durum as having straw that varies from I 

hollow throughout to solid throughout; while vulgar e, I 

according to Vavilov (1922 (»), varies from solid in the ^ I 

upper part to hollow (prestHnably throughout). But ■ I 

it would be far from the truth to suppose that the ■ I 

only difference was that variation in vulgare did not I 

reach extreme solidity. In the first place the frequency I 

of the different types is very different in the two ■ 

groups. Thus the straws of most vulgare forms have I 

little pith while those of most forms in the Bmmer ™ ^ 

group are solid or half solid through a good part of ■ 
their length (cf. Percival, 1921). Secondly, one cannot I 

help suspecting that further differences would be ■ 

revealed if the character were studied in greater ■ 

detail. According to Eussian writers (Orlov, 1922; I 

Stoletova, 1925) some and dicoccum varieties H 

have hollow straw; but no details are given, and the H 
term hollow^’ may perhaps be used in a comparative ■ 
sense, so that one is tempted to ask whether the straw H 
of any 28 chromosome wheat is quite hollow in the H 
first few centimetres below the ear. It is certainly not m 
in most of them, while, on the other hand, 42 chromo- 
some wheats in which the straw is solid in this part 
must be rare. In vulgare the so-called solid strawed 
forms are fairly common in the Mediterranean region; 
but in these the distribution of the pith is quite 
different from that found in 28 chromosome forms, 
since the top internode is solid at the base and hollow ^ A LI B 
at the top instead of the reverse being the case (Fig. 4). Kg. 4. Topintemode 
AlthoTigh. a careful study of the' character is evidently 
wanted we can be sure that (1) completely solid straw of so-called soHd 
is found only in the second group ; (2) that hollow straw S^straw 

characterises most third group forms, amd is rare, per- found commonlym28 
haps absent, in thesecond group; (3) that n the straw 
is partly solid in a third group form the pith is usually not distributed 
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as it is in second group forms. In the two groups the range of variation 
is diSerent, and difierences of a more fundamental kind may, perhaps, 
occur as well. 

Disease resistance has been suggested by Vavilov (1914) as a test 
in systematics, not only for cereals but for other plants. He did not 
suggest an invariable association between resistance or susceptibility and 
systematic position, but since his work the idea has gained ground that 
all second group forms are resistant or fairly resistant to rust and that 
all third group forms are, in differing degrees, susceptible. This belief 
has come about not only from the reactions of the better known varieties 
but also because it is diflELCult to transfer, by crossing, the resistance of 
a 28 chromosome form to a susceptible 42 chromosome form. Vavilov 
(1922 a) describes vulgare as either resistant or susceptible to P. glu- 
rmrum, graminis and triticina; Stoletova (1925) gives the same de- 
scription for while Orlov (1922) gives durum as resistant or 

feebly subject ” to graminis: The question is not an easy one. Difficulties 
are inevitable when we try to study the inter-relation of two separate 
organisms; and in graminis, if not in the other species of rust, an added 
complication is the existence of a number of biologic forms, each reacting 
differently to different varieties. In the case of P. glumarum it is probably 
correct to say that the majority of forms in the second group are 
moderately or completely resistant, a few being susceptible, while the 
majority of third group forms are moderately or very susceptible, 
a few only being resistant. If Prof. PercivaFs wheat collection is 
examined it is very striking that nearly every variety that is yellow 
with rust is a 42 chromosome form — very few have 28 chromosomes. 
Although T, compactum var. ‘‘American Club” (2x = 42) has always 
been immune at Cambridge, such instances are rare; and most of the 
so-called resistant third group forms are attacked to some extent when 
the rust epidemic is severe. Almost complete resistance is common, 
however, among second group forms and, as we have seen, great sus- 
ceptibility is not. Eesistance to appears to be an example of 

a character that has approximately an equal range of variation within 
the two groups, but high resistance is commonest in the second group 
and low resistance, that is high susceplibility, in the third. In the case 
of biologic strains are an added complication; but probably 

the situation is not very different from that in 

Finally, glume shape must^ be dealt with. This is probably more 
important in wheat systematics than any other character, and indeed 
one could probably tell the chromosome number of any wheat form by 
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exaraining tte glume alone. But it is a most difficult character to discuss 
not only because it is difficult to define and describe shape, but also 
because it is often difficult to know exactly upon what features re- 
cognition is based even when the recognition itself is quite certain. 
At one time it was thought that wheats of the second group could be 
distinguished from those of the third by the presence of a keel to the 
glume, but it is now known that this feature is quite well developed in 
a number of vulgare forms, e.g. from Persia and Bokhara, as well as in 
speltoids. 'Fox vulgare Vavilov (1922 a) describes the keel as sharply 
prominent’’ or ^"not prominent,” and for durum Orlov (1922) gives it 
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Fig. 5. Outlines of glumes. A-E, durum and turgidum; F, persicum; Gr-K, vulgare; 
L, pohnicum. The difference between the keeled and keelless forms is somewhat 
accentuated. keel. 

as well developed from the top to the base or feebly developed at the 
base. In the 28 chromosome T, persicum it is only weakly developed. 
In fact, though the character is important, it is so only when considered 
in relation to other glume characters as well; and there is no doubt that 
glumes are recognised by the way in which their characters are combined, 
as must be the case when recognition is based on shape. In dealing with 
shape it is very difficult to know what should be regarded as a unit 
character, so that discussion from the genetical standpoint is not easy, 
and it is doubtful whether any useful purpose would be served by trying 
to describe such characters here; especially as no adequate study of 
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variation in glnme shape has been attempted in the genus. It should be 
realised, however, that glume shape is often very characteristic. Thus 
the type of the Northern European beardless vulgare (Fig. 5 G) is different 
from anjTthing found among 28 chromosome wheats, nor is the typical 
broadly keeled turgidum or durum glume ever seen among those with 
42 chromosomes. It is probable that linkage plays an important part 
in the genetical relationships. Thus PercivaFs statement (1921) in 
describing the glume of vulgare as terminating “in a tooth, which in 
the beardless forms is short and usually bliyater than that of T. durum, 
and in the bearded form often prolonged into a slender awn,’’ suggests 
the possibility that either the factor for awns, or another factor linked 
to it, modifies the length of the glume tooth; and since all 28 chromosome 
wheats are beardless, while third group wheats may be bearded or beard- 
less, this would clearly be important. 

We may sum up by saying that the wheat species fall into three 
clearly defined groups, each with a different chromosome number, and 
that the chromosome number of any wheat form can be told from 
inspection. The situation is quite different from that in Primula sinensis 
for example, where the tetraploid is clearly only a form of the species 
sinensis, and is in no sense a distinct species.- But it is difficult to 
say exactly how the three groups, particularly the second and third, 
are characterised; and from the point of view of the genetical worker 
this problem, which is of first importance to him, has been insufificiently 
studied. The Law of Homologous Series, while undoubtedly valuable in 
many other ways, has withdrawn attention from the question. Never- 
theless, considering the most difficult case of the second and third groups, 
we have at any rate learned that a few characters are found only in certain 
forms of one or the other group, and that a few types—as dicoccum, 
pohnicum and Spelta—ene thereby recognised. Secondly, it appears that 
although some characters may vary within both groups, the two extremes 
of variation are either entirely confined to, or are found most often in, 
different groups. At the same time, the examples that were given, solidity 
of straw and resistance to disease, suggested that further study of such 
cases is to be desired. Thirdly, in the case of glume shape, classification 
depends on the way in which characters ire combined. 

To give a concrete example, it might be thought that, since both solid 
straw andrust resistance are common in the second group and are rare in 
the third, the chance of finding §. rust resistant wheat with solid 

straw would be very small indeed, and that by examining a new form for 
several such characters identification of the group to which it belonged 
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would be almost certain. Actually this is wrong; since, perhaps because 
of genetic linkage, the two characters cited are not independent. Vavilov 
(1922 a) says that solidity of straw is a rare feature to be found only 
in a comparatively small group of races of soft [i.e. wheats. . 

This feature is, as a rule, accompanied by a series of others, such as 
immunity to parasitic fungi or peculiarities in the structure of spikes.” 
Nevertheless, although the problem in question has not been solved, 
enough has been learned for us to appreciate the genetical results, and 
further discussion will be deferred until they have been dealt with. 

The difficulty we have had in defining accurately the wheat groups 
is probably typical of the classification of any polymorphic group of plants. 

(3) The dipeerentiation iStto species. 

Differentiation within the groups is a distinct problem from that of 
differentiation into the groups themselves, there being no changes in 
chromosome number and no sharp lines of separation in many cases. 

In the following account of the species I have sometimes referred to 
their distribution in prehistoric times, but too much reliance must not 
be placed on what is said. There is no doubt that a great deal of valuable 
material has been obtained in the past, but identification has often been 
left to those with little knowledge of wheat, and in many cases a sample 
has been described merely as wheat” with no mention of the species. 
For preference, glumes should be present in the sample to assist identi- 
fication; but in most cases these, even if present, are broken up during 
excavation and only the grains are left. To identify the species from tke 
grain alone is a matter for those with special knowledge. Even so 
mistakes are easy, chiefiiy because little is known about the changes in 
grain shape that might have been brought about by carbonisation, and 
partly perhaps because possible changes in the species since prehistoric 
times might make identification uncertain by modern standards of 
difference. Eef erences to most of the work done can be found in Percivals 
monograph (1921) but it should be realised that in great part the con- 
clusions of the earlier workers are probably wrong; though the identi- 
fication of T. dicoccum Schrk, by spikelets should usually be correct. 
It is to be hoped that, in the future, more attention will be paid to these 
matters by archaeologists, since valuable knowledge could thus be won 
about the origin of wheat and the spread of early civilisations. 

The first group contains only two species: monococcum (cultivated) 
and aegilopoides (wild). Both are peculiar to mountains, and are found 
chiefly 700 metres or more above sea-level (Elaksberger, 1925). 
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r. aegilopoides Terc. (= T. monococcum aegilojps Ascii, and Gr.). 
''Wild einkorn ” is found in the area from the Balkans to Syria and Trans- 
caucasia (Percival, 1921; Flaksberger, 1925, 1926 a). In the BalaklaYa 
district it occurs in a community composed of Festuca ovina, Aegilojps 
cylindrica, A. ovata, and other plants (Drosdow, 1923). Flaksberger 
(1925) divides the species into two sections: (1) a two-awned Asiatic 
race, var. Thaoudar, confused by de Mol (1924) with dicoccoides; (2) one- 
awned forms, comprising 10 varieties. Percival (1921), who regards leaf- 
hair arrangement as a; very important c]^racter, describes the same 
arrangement for aegilopoides as for vulgare, md a quite different one for 
monococcum and for all second group species. The rachis of aegilopoides, 
like that of dicoccoides, is far more fragile than the rachis of the cultivated 
species monococcum and dicoccum. 

T, monococcum L. This differs from aegilopoides in ear shape, glume 
shape, size of grain, and shorter awns (Percival, 1921), and, though similar, 
is not likely to be confused with it. It is cultivated in scattered locahties 
in mountainous districts in Europe; chiefly in France, Spain, Switzer- 
land, the Balkans, and the Crimea (Percival, 1921; Flaksberger, 1926). 
Flaksberger (1925) describes nine varieties. The diversity of the species is 
small, affecting principally characters such as glume colour. On botanical 
grounds it is believed to be the most primitive cultivated wheat, and is 
said to have been widely cultivated in parts of Europe in Neolithic times. 

In the second group Percival (1921) recognises seven species: dicoc- 
coides, dicoccum, orientale, durum, polonicum, turgidum and pyramidale, 
of which two — pyramidale and orientale — are new species separated from 
durum. Vavilov (1925) describes an eighth species established 

originally on a single variety "Black Persian’’ which Percival has 
included within T. dicoccum SchiibL In general it may be said that, 
when crossed with one another, all these species give fully fertile hybrids ; 
though a possible exception is dicoccoides (Vavilov, 1926), which is said 
to show a marked tendency to sterility in crosses with other 28 chro- 
mosome wheats^ In several cases it is difficult to separate one species 
from another, and Kajanus (1927) has proposed to unite them as a single 
T . (wuminatum. 

T. dicoccoides Perc. (= T. dicoccum dicoccoides 'Koxn.). "Wild 
Emmer” is found from Palestine to Transcaucasia. In Palestine it is 
found in some diversity; varying chiefly in the shape of the spikelet, 
shape of the tooth of the empty glume, hairiness of the rachis, colour 
of glumes and awns (Percival, 1921; Flaksberger, 1926 a). According to 

^ In my own experience, with several crosses, tMs is not tlie case. 
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Percival it is easily separated from dicoccum by a number of cbaracters 
sncb as exceptionally brittle and bairy racliis. It bas usually been 
regarded as tbe wild form of dicoccum^ and bence as tbe progenitor of 
all tbe cultivated wheats. Flaksberger, however (1926 a), considers it 
more like Thaoudar and aegilopoides than like dicoccum, except for its 
chromosome number and not-splitting palea, and finds it ''difficult to 
consider it as tbe initial form or progenitor of cultivated Emmers, though 
their relationship must be recognised.’’ 

Two descriptions of digoccum are known: T, dicoccum Scbubl. 
described by Percival, and T. dicoccum Scbrk. as more nsTially recognised. 

T. dicoccum Scbrk. (Emmer) has tough glumes and a brittle rachis 
which breaks just above each spikelet — characters it shares with the 
14 chromosome wheats and with the wild dicoccoides. Typically it sets 
only two grains per spikelet, but a number of varieties set three under 
good conditions of cultivation. It shows the usual variation in colour 
of glumes and awns, etc. ; and in addition varies in glume shape, solidity 
of straw, and resistance to the various rusts (Percival, 1921 ; Stoletova, 

1926) . Vavilov (1926) says that in Abyssinia "easily thrashed emmers 
were found (H. Harlan),” but I know no further details of these. It is, 
however, a species well defined by the characters given above, and to 
some extent by its vegetative characters, and is not likely to be confused 
with any other. It is one of the most primitive cereals, and is now 
cultivated only by "ancient peoples who stick to their secular customs 
and traditions” (Stoletova, 1925; and, similarly, Percival, 1921). The 
acreage under Emmer is at present gradually diminishing. 

T. dicoccum Schubl., as described by Percival, includes (1) T. dicoc- 
cum Scbrk., (2) a number of Abyssinian wheats with a tough rachis and 
loose glumes classed by other workers as durum, (3) "Black Persian,” 
i.e. T. persicum Vav., regarded by Percival as very similar to one of the 
forms of (2). His justification for this grouping is that "Black Persian” 
and the Abyssinian forms with a tough, or semi-tough, rachis resemble 
the Abyssinian examples of dicoccum Scbrk. in having from 3-6 vascular 
bundles in the coleoptile, whereas all other wheats have 2 (Percival, 

1927) ; again, in having the young leaves more or less covered with short 
hairs, like &COCCWW Schrk. and "unlike durum; while the slender rachis 
of many forms confirms this grouping in many cases. 

In its various forms T. durum De^L approaches closely all the other 
species in the 28 chromosome group, pf which it is the most diverse 
member. Its limits are not well defined, and authorities differ as to its 
exact definition. Thus Orlov (1922) includes in this species T. pyramidde 


A. E. Watkins 


189 


Fere., r. orientale Perc., and the Abyssinian forms with tough rachis and 
loose glumes from T, dicoccum Schiibl. Typically it has a sharply keeled, 
loose glume, a tough rachis, and hard flinty grain; but difiiculty arises, 
to take only one example, with forms that have a half flinty, half mealy 
grain, and so approach the mealy grained turgidum. Percival (1921) 
describes the species as characterised by having no hairs on the upper 
surface of the young leaves which, in the other 28 chromosome wheats, 
are densely clothed with short hairs; but here again, transition forms, 
considered by Percival as hybrids, can b§ found moderately or very 
sparsely clad with hairs. We may well quote Orlov (1922) here: ''The 
polymorphism of Tr. durum is very great. The range of its race characters 
is exceedingly extensive. Races, with characters expressed in an extreme 
degree, are met with rathSr seldom. The nearer the character to its 
medial expression, the more such races are found. They are predominant 
botanical forms, building the ground to the polymorphism of the species 
Tr, durum. .,'"' constituting "the fundamental typical form. . .around 
which are grouped all the other races.” 

T. polonicum L. is easily recognised by its very long glumes, ribbed 
and papery in texture, and by its very long grains. All these difierences 
have been found by Biffen (1905) and Engledow (1920) to be due to a 
single factor difference from durum, to which the species is closely 
related. Bateson (1926) suggested that so many characters were prob- 
ably due to a group of completely linked factors, and this is supported 
by an Abyssinian race, grown by Prof, Percival, which is typical 
polonicum, except for its short grains. The converse, a durum with grains 
as long as polonicum, is widely spread in the Mediterranean region. 

T. turgidum L., though connected with by transitional forms, 

comprises a fairly well-defined group, tall and late in ripening, with 
mealy grains and leaves abundantly covered with soft hairs. 

T . orientale Perc. comprises a few forms having alfinities with 
dicocct^m Schiibl. and 

T. pyramidale Perc. consists of a few forms from Egypt related to 
turgidum, but differing from the latter in the short straw, earliness, and 
one or two other features. 

T. per sicum Yd^Y. In 1914 Vavilov* found that "Black Persian,” 
which was then referred to T. vulgar e y%t. judiginosum AL, differed from 
all other wheats tested by him in being immune to Erisyphe graminis. 
Percival (1921), from its leaf ha^s arrangement, partially solid straw, 
slender rachis, and the number of vascular bundles in the coleoptile, 
brought it to T. dicoccum Schiibl. This affords a good illustration of the 
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connection in Tnticum between chromosome number and systematic 
position, since the variety is now known to have 28 chromosomes. Its 
original inclusion within vulgare is clearly wrong when it is carefully 
examined, and rested largely on its rounded glumes, most second group 
wheats having more or less strongly keeled glumes. The original seed 
came from Haage and Schmidt who had no record of its origin except 
that it might have come from Persia. Vavilov (1926) could not find it 
in Persia but suggested that it should be considered a separate species, 
T, fGTsimm, in the Emmer^roup. Zhukovsky (1923), Atabekov (1925) 
and Dekaprilevich (1926), found it in some diversity in Central Trans- 
caucasia, mountainous Armenia, and Georgia. Its separate distribution 
confirms Vavilov’s view that it should be classed apart from the otber 
28 chromosome species. 

This survey of the second group brings out certain facts quite 
clearly. First, a number of new characters appear which were not found 
in the first group, and with them has come much greater diversity. 
Secondly, the species are connected with one another by transitional 
forms, and no general agreement as to their exact definition has been 
reached. While deferring for the moment a fuller discussion, we can con- 
clude that the problem is the origin of a large number of forms, all more or 
less connected, and not sharply separated into species; but definitely 
clustered round a number of fixed points, which are the ''typical forms” 
of the systematises species. 

The species of the third group — vulgare, compactum, sphaerococcum, 
Spelta — are easily defined, and there is no disagreement as to their 
limits. But the differences between them are small, and when crossed 
they give fully fertile hybrids apparently showing simple Mendelian segre- 
gation, so that Kajanus (1927) has proposed that all should be brought to 
one species T. obtusatumKsb]. No wild 42 chromosome wheat is known. 

T. Spelta L. is separated from all other wheats by its tough glumes 
and brittle rachis breaking just below each spikelet; the grains being 
rather long and pointed with a ridge along the dorsal surface due to 
pressure of the glume. Otherwise it is like typical vulgare in its hollow 
straw, broad rachis, rust resistance, etc. It is cultivated only in scattered 
patches in Europe (Percival, 1'921) and in N.W. Persia (Vavilov, 1926), 
and is regarded by Vavilov as a relict. In its ear characters, tough 
glumes and brittle rachis, it differs from vulgare hj one factor (Kajanns, 
1923 a; Nilsson-Leissner, 1926; and others), and carries in addition an 
independent factor that produces very dense ears in vulgare; but tbe 
genetics of the longer grain are not known. 
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T. compactum Host, differs from vulgare only in its very dense club- 
shaped ear, and its rounded grains. The ear difference was found by 
Nilsson-Ehle (1911) to be due to only a single factor. 

T, sphaerocoGcum Perc., while having the general characters of 
mlgare, is well defined by its short straw, very small and rounded grain, 
and its small and characteristically shaped ear. Ko account of its 
genetic difference from vulgare has been given. 

T. vulgare Yilh is the most diverse species in the genus. Over 1300 
varieties are grown yearly by Percival; while Vavilov (1922 a) says ‘‘at 
present, the author distinguishes races by 66 fundamental characters, 
the number of which, with their subdivisions, reaches 166^’ ; and later 
“The greater number of the characters. . .are quite independent and 
admit of all kinds of combinations.” False ideas as to the characteristics 
of the species, so often seen in past systematic work and in modern 
genetical writings, have come from the limited range of forms grown in 
Northern Europe and in America. No difficulty is likely to arise about 
separation from the other species in the group, which comprise only a 
few forms with their special characteristics; and the separation of the 
whole diversity of vulgare from the second group forms, for which 
familiarity with the types is necessary, has been discussed already. The 
species as a whole has been divided into several sections. Flaksberger 
(1915) recognises six, Percival (1921) seven, and Vavilov (1922 a) three 
(or four, including the square-headed wheats). To some extent the groups 
of the different authors coincide; and all have, more or less, their own 
geographical distribution. Thus Vavilov’s group rigidum corresponds to 
Percivars group I, and is peculiar to S.W. Asia; his group Speltiforme^ 
peculiar to the same region, corresponds to Percival’s group III; and 
his Indo-europaeum to PercivaFs groups V and VI (Vavilov, 1922 a). 
It is not likely that there would ever be general agreement as to the 
limits of these groups, which no doubt overlap; but it seems possible 
that here, as in the second group, though probably less definitely, the 
different forms are clustered more thickly round some points than 
round others. 

Percival (1921) cites several authors as identif 3 dng samples of 
Neolithic age as vulgare; but all these' earher identifications may be 
wrong. ■■ 

Further classification depends upon the division of species into 
botanical varieties. The various^systems (Flaksberger, 1915; Percival, 
1921; Vavilov, 1922 a) are based on a number of easily recognised 
alternative characters, such as presence or absence of awns, colour of 
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chaff, and so on. Thus T, vulgareYSn. lutescens Korn, means any beardless 
red grained vulgare wheat with smooth, white chaff. As Vaviloy says 
(1922 a), ''Two forms belonging to two different botanical varieties, for 
instance to T . ferrugineum Al. and T. erythwspermum 'Kbm,, might be 
different in only one hereditary factor — the colouring of the head; hut 
it would be possible to find for instance within the limits of var. 
two races (Jordanons) which differ from each other at least in 20 various 
morphological and physiological features.’"’ The system is purely one of 
convenience in cataloguing, .and has no natural basis. 

We have now surveyed briefly the systematic position in Triticum] 
and the ultimate aim of the genetical worker must be to explain the 
distribution of characters, and their combinations, throughout the genus. 
One essential for this purpose is a more accurate definition of characters 
than has so far been achieved. Apart from its theoretical interest, the 
Law of Homologous Series gives a convenient method of classifying 
variations, and has helped in the search for new forms. But by con- 
centrating attention on the similarity between species it has led to 
neglect of their differences ; and by describing characters as merely alterna- 
tive we are led to overlook the fact that range of variation may be diffe- 
rent in two species. Probably greater accuracy will have to come largely 
from genetical work, since it is likely that no character can be accurately 
defined until its inheritance has been worked out in Mendelian terms. 

(4) Eeproduotion in wheat. 

Wheat is described as a self fertilised plant; and crossing certainly 
appears to be uncommon in Northern Europe (cf. Eruwirth, 1923)., 
Nevertheless, it does occur, and we must know something of its extent 
before we can understand the systematics of the genus. 

To prove a natural cross may sometimes need careful observation; 
and although it may be true that no certain case of factor mutation has 
been found in wheat, it is hardly logical, without further proof, to 
dismiss every spontaneous variation as a natural cross. We may recall 
that the origin of f atuoid oats, once attributed to natural crossing, is 
now known to be due to chromosome aberration (Huskins, 1927). But 
we can be fairly certain of a nfatural cross if we can observe the intro- 
duction of two independently segregating characters; and it is sometimes 
possible actually to identify the pollen parent when the segregation is 
observed. Some of the instances givepi below are unreliable judged by 
this standard, but may be accepted in view of the more certain cases. 

At Gambridge crossing has always been regarded as rare, but has been 
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found to occur quite often in partially sterile hybrids which set grain 
irregularly with their own pollen and leave the ovules more open to 
out-pollination (Watkins, 1925). Varieties that set grain badly in the 
English climate are also specially liable to crossing, and in the last few 
years several instances have been found between normal English 
varieties grown close together in small plots. It is important to notice 
that in all these cases the pollen parent has been in a neighbouring plot 
not more than a few yards distant. At Eeading, where some thousand 
varieties are grown side by side, many examples have been seen (Percival, 
1921), but no doubt exotic forms unsuited to EngHsh conditions are 
partly responsible. In America, Hayes (1918) and Leighty and Taylor 
(1927) have shown that crossing may sometimes be fairly frequent. 
Here, again, the pollen parents appear to have been plants from neigh- 
bouring plots. We must remember, however, that field crops are not 
necessarily comparable with the small plots grown at experiment 
stations, where exotic varieties will exaggerate the importance of natural 
crossing. On the other hand, since out-pollination appears to be usual 
only between neighbouring plants, it should be more frequent when a 
very mixed crop is grown in the field than when a number of pure 
varieties are grown in adjacent plots. Under English conditions, in times 
when crops were more mixed than now, it evidently occurred not in- 
frequently since Le Gouteur (1836), at Jersey, records an ear with rough 
red chafi that gave rough red, smooth red, rough white, and smooth 
white progeny. It is known that natural crossing is more frequent in 
hot climates, and here its importance must be all the greater since in 
these regions very mixed crops are commonly cultivated. The Howards 
(1910), who have paid special attention to the subject, foimd that three 
ears collected from cultivator's fields in Bihar were natural crosses; and 
in one year at Lyallpur, where a collection of Indian wheats was grown 
and the frequency therefore perhaps exaggerated, 226 instances were 
found — some of them involving two or three characters. In Mesopotamia, 
too, Wimshurst (1920) suggests that natural crossing is frequent, and 
from Abyssinia I have myself received an ear that proved to be 
between and some other 28 chromosome wheat. Under 

modern civilised conditions, where comparatively pure crops are grown, 
out-pollination would be less important, and in any case its effects are 
counterbalanced by continuous selection of seed; but nearly everywhere 
else — and a hundred years ago ^ven in civilised countries — selection of 
seed was often almost non-existent, and even occasional out-pollinations 
would have a profound effect when long continued. 
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Enougli has been said to show that natural crossing must have had 
considerable influence in forming , the many combinations that exist in 
wheat, and its part in evolution should be reconsidered. At present 
something must be said of its limitations. 

Apart from the obvious limitations imposed by geographical distri- 
bution there are those set by date of flowering, ease of crossing, and 
sterility. The latter operates only in inter-group crosses, and personally 
I doubt whether such crosses have had much influence on the genus, 
though the contrary is often suggested — usually on rather uncertain 
morphological grounds. Thus Vavilov, speaking of the awnless Euro- 
pean square headed vulgare wheats (1922 a), says: ‘'Their weak winter 
resistance and usual immunity to yellow^ rust suggest that besides 
T, vulgare and T\ compactum, T, turgidum had a share in their origin 
too”; and again (1926) he speaks of persicum as occupying an inter- 
mediate position between the second and third groups, and probably 
originating from a cross between them. Similar views are often expressed, 
but it should be noticed, and the case, is I believe typical of most others, 
that the comparative resistance of the square-headed wheats to P. 
glumarum is given as a reason for turgidum being a progenitor; and it is 
precisely characters such as resistance to disease which all genetical 
writers agree can only be transferred from one group to the other with 
great dij0&culty. Positive evidence against attaching much importance 
to crosses between different groups lies in the almost complete absence 
of beardless 28 chromosome wheats, despite the fact that beardlessness 
is a common vulgare character found over a great part of the range of 
the second group wheats, and readily transferred from vulgare by artificial 
crossing, giving fully fertile 28 chromosome segregates. Whatever the 
reason for this may be it suggests that crossing between the two groups 
has done little to increase their diversity. But 4rom what has been said 
I think we can conclude that natural crossing within the groups has had 
considerable influence in diversifying types. 

(5) Selection. 

Wherever wheat is grown hatural selection will ensure that only 
forms that are more or less suited to the prevailing climate and methods 
of cultivation will be grown. Of India, Howard (1909) says: “The 
wheats at present in cultivation in thisr vast empire, in which a civilised 
agriculture has been practised from time immemorial, represent the 
survival of types most fitted for the conditions of the various tracts. 
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Nature tas eliminated the unfit’’; and he adds that no new forms have 
had any influence, at any rate in recent times. 

Except for highly civilised countries in recent years, selection by 
man has probably always been slow and sporadic; and we find that 
fields of wheat consist, in greater or less degree, of a mixture of 
varieties. In England at the present day crops are often far from pure, 
and less than a century ago they must have been badly mixed. 
Le Couteur, who provided us with the first historical case of breeding 
on the pure line principle, when telling how he was first led to breed 
wheat by La Gasca, says: considered” my crops as pure, at least 

as unmixed, as those of my neighbours, when to my dismay he drew 
from the fields three and twenty sorts. Some were white, some red, 
some liver-coloured, some spring-wheat, some dead ripe,. . .and some 
green” (1836, p. 116). Nowadays in backward cormtries the situation 
is usually not different from that found in India, where '' An examination 
of an ordinary wheat field. . . at harvest time discloses the fact that the 
crop consists of a mixture of botanically different varieties sometimes 
belonging to two or three sub-species” (Howard, 1909), and samples 
obtained from such countries may yield an extraordinary mixture of 
types when sown. Often, practically no attention is paid to seed selection. 
In Oudh the poor cultivators go to dealers for seed, when "inferior wheat 
is often given for this purpose with the result that in the course of time 
the Oudh wheats are said to have greatly deteriorated” (Howard, 1909). 
Similar practices are widespread, but greater care is sometimes taken, 
the practice varying largely according to the wealth of the district and 
the importance of the wheat crop: in the Punjab "the best cultivators 
keep their own seed and in some cases select the ears in the field for 
sowing the next crop” (Howard, 1909); in Mesopotamia, in the area of 
Hai and Shatt el Ghurraf, " more attention would appear to be paid to 
seed selection and wonderfully pure crops. . .were met with” (Wims- 
hurst, 1920). 

In Eoman times mass selection for the largest ears or the largest 
grains was sometimes practised (Percival, 1921). Other examples could 
also be given. 

We may probably take it that from^the earliest times, though most 
cultivators have had little interest in the type of wheat they grow, there 
has been in some of the more prosperous districts a crude but long- 
continued selection for characters of obvious utility such as ske of ear 
or grain, and to this must be attributed the excellence of the types often 
grown in such districts. No doubt the advantage of a wheat with loose 
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glumes and a tough, rachis, in place of dicoccum with its tough glumes 
and brittle rachis, would be readily recognised when such a type ap- 
peared. But the continued cultivation of dicoccum by primitive tribes 
shows how slowly changes came; and it is safe to assume that botanical 
characters have been almost neglected, and that newly risen characters 
have spread slowly and by chance with the introduction of seed to new 
districts. Occasionally a botanical character may have an accidental 
economic importance, but this does not always make much diSerence. 
Thus, in many hot countries, bearded are said to be preferred to beardless 
varieties because less loss is suffered from birds and from shedding in 
dry weather; but this does not seem to have prevented beardless forms 
from being widespread in such countries. 

For these reasons the problems of evolution and geographical dis- 
tribution in wheat and in wild plants appear to be similar in principle. 
This is clearly illustrated by the regularity in geographical distribution 
found by Vavilov. In the Old World ‘'in spite of the internationalisation 
of cultivated plants, the wanderings of the peoples, in spite of colonisation 
and the antiquity of agriculture, it is still possible to establish. . .areas 
of definite endemic varieties and races, regions displaying a maximal 
primary diversity of varieties, and to find out series of regularities in 
the distribution of these varieties’’ (Vavilov, 1926). Local needs may 
have their influence, but the general scheme remains. 

(6) Theories of origin. 

Past speculations on the origin of wheat were for the most part 
founded on too little knowledge, and will not be here discussed. Modern 
theories to be considered are three: that of Percival (1921) founded on 
systematic data; Vavilov’s conclusion (1926) from his work on geo- 
graphical distribution; and Winge’s (1917) theory of the origin of 
polyploid series. 

Percival takes the three groups separately. In the first group tbe 
relation between the wild aegilopoides and the cultivated monococcum is 
regarded as evident, the only modification in the latter being “a reduction 
in the hairs on the leaves and rachis.” 

The problem of the second *group species is thought to be similar. 
“Crossing between mutants of the same specific prototype is, I think, 
sufficient to account for many, if not all, of the moderate number of 
forms found among the races of the JEmmer series.” Dicoccum and 
orientale are supposed to have come from dicoccoides, on the ground of 
their similarity to that species and of their differing from it only by tie 
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absence or modification of its characters. Similarly durum is supposed 
to have come from dicoccoides or dicoccum, and jpolonicum from durum. 
On the other hand, turgidum is considered a hybrid race produced ... by 
the crossing of the tall European T, dicoccum with T, compactum or a 
dense-eared form of T, vulgar a number of characters showing its 
affinity to European Emmer, while the square ear, many flowered 
spikelets, and plump, blunt-ended grain are thought to be derived from 
compactum or vulgar e. 

In the third group ''the extraordinary complexity and almost endless 
number of varieties and intermediate forms of the vulgare race can only 
be satisfactorily explained by the assumption of its hybrid origin from 
two or more distinct species.’^ It is concluded that, to explain the origin 
of vulgare, we must account for the following characters which differentiate 
it from the 28 chromosome forms: (1) leaf hair arrangement, (2) hollow 
straw, (3) exceptionally tough rachis, (4) the rounded back and absence 
of keel on the lower part of the glumes of most forms, (5) the short awns 
of the fully bearded ears, and the beardless and semi-bearded ears. 
Since all these characters are found in Aegilops ovata L. ox A. cylindrica 
Host., it is concluded that both these species have entered into the 
composition of T, vulgare; while "the greater length of ear, frequently 
keeled empty glume, larger grain, and occasional solid culm” are thought 
to point to dicoccoides or one of its derivatives as the other parent. 
Yulgare, then, is thought to come from crosses between a 28 chromosome 
wheat and A, ovata and cylindrica; while Spelta is thought to be a 
segregate from this hybrid, and to derive its brittle rachis from 
A, cylindrica. T. compactum and T. sphaerococcum are regarded as 
having originated contemporaneously with vulgare, either as mutants, or 
as segregates from crosses between different vulgare wheats. 

Vavilov (1926) has shown that wheat, and other cultivated plants, 
have definite centres of diversity— regions where the greatest number of 
types are found — and that as we leave these centres the number of types 
gets fewer. Apart from T. dicoccum Schrk., for which the existing data 
are too scanty, he finds that all 28 chromosome species except persicum 
have their maximum diversity round the coasts of the Mediterranean 
and in Abyssinia; in which regions a "mliltitude of original and endemic 
forms,’' as well as all varietal characters of European and Asiatic forms, 
are found. On leaving these centres fewer and fewer forms occur. On 
the other hand, the 42 chromo^me vulgare is most diverse in Persia, 
Afghanistan, mountainous Bokhara, West India, and Kashmir, where, 
in addition to common European and Siberian forms, there are many 
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endemic Tarieties as, for instance, forms without ligules. Sphaerococcum 
occnrs in Northern India only; and the greatest diversity of compactum 
is- in Khiva and on the borders of North West India. 

In accordance with the usual principles it is assumed that these 
centres of diversity are the centres of origin. All early writers on wheat 
took it for granted that cultivated wheats had a single origin hut, 
agreeably with modern cytological and genetical work, the botanico- 
geographical method shows three distinct centres. Vulgare probably 
originated in Eastern Afghanistan, and the other 42 chromosome species 
in neighbouring regions : the 28 chromosome species in the Mediterranean 
region or the mountains of Abyssinia: and the 14 chromosome forms 
probably in the region of Asia Minor, though data for these wheats is 
rather scanty. As Vavilov points out, the assumption that the centre of 
diversity is really the centre of origin evidently agrees with the data. 
In Afghanistan, which is the centre for 42 chromosome wheats, and 
where conditions vary from sub-tropical to the limits of agriculture in 
the mountains, there are no forms at all of durum or dicoccum, which 
are common and very diverse in mountainous Abyssinia. On the other 
hand, no great diversity is found in the Alps or the Pyrenees. 

The general truth of Vavilov’s contention must be granted, but it 
must be admitted that the present centre of diversity may not quite 
coincide, perhaps, with the original centre of origin. How far may a 
regularity in the wanderings of peoples have contributed to a regularity 
in the distribution of wheats? Vavilov finds (1929) that, besides T. 
vulgare^ a number of other cultivated plants have their greatest diversity 
in Afghanistan, and this inevitably suggests that the oft recurring 
migrations of peoples through Afghanistan into India may be the reason. 
Indeed the collector of Indian coins finds that their diversity increases 
as Afghanistan is approached; and no doubt any form that might be 
introduced would have a good chance of surviving since the conditions 
of climate and soil in Afghanistan — as in Abyssinia- — are so various. 
Nevertheless, it is very striking that different centres should have been 
found for the 14, 28 and 42 chromosome forms, and there seems to me no 
doubt that the broad features of Vavilov’s conclusions must be accepted.. 

In connection with these results we must again mention the problem 
of how to recognise the group to which a given form belongs. Although 
it is difficult to say on what basis all second group forms can be separated 
from all third group forms, if we collect from only a single country tie 
difficulty no longer exists. Indeed it is very general in Systematics that 
two related species are quite distinct in any given area, but are not 
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easily separated if they are collected over their whole range. This is 
evidently to be expected. In Spain T. vulgar e is not very diverse, and is 
easily distinguished from durum, of which a number of forms are found 
there, by characters that are not typical of it in other parts of its range. 
In Persia, again, vulgare is very diverse but durum is rare, and is separated 
from the former by features it lacks there but possesses elsewhere. 
Difficulty would evidently have occurred only if the centres of origin of 
the two groups had happened to coincide. It must be noted that any 
species to which this explanation is applied must be assumed to have 
arisen as an independent species — by ‘^species mutation’’- — an explana- 
tion that is perhaps valid for all polyploid series. 

Winge’s well-known theory (1917) of the origin of polyploid series is 
that hybridisation between two species is followed by doubling of the 
chromosome number^. Species A with 2a chromosomes crossed by B 
with 2'6 chromosomes gives a hybrid, which may be nearly sterile, with 
h chromosomes ; and this by doubling of chromosome number gives 
a new species C with 2c = 2 (u -f &) chromosomes. The number of cases 
in which this theory has been experimentally confirmed is rapidly 
growing. Primula floribunda {2x = 18) x P. verticillata {2x == 18) gives 
a sterile diploid hybrid (2a; = 18) which occasionally gives the fertile 
tetraploid hybrid P. Kewensis (somatic number = 36) as a bud sport — 
chromosome doubling having occurred somatically (Newton and Pellew, 
1926). This tetraploid Kewensis has the appearance of a new species 
quite distinct from either parents. 

From the almost sterile hybrid Raphanus sativus x Brassica oleracea 
(both with 2x = 18) Karpechenko (1927) obtained seeds which produced 
fertile tetraploids with 36 somatic chromosomes, as well as some plants 
with from 51 to 53 chromosomes. He showed that these came from the 
union of polyploid gametes formed by the hybrid, which as a result 
of various irregularities in the reduction divisions, or occasionally earlier, 
produces gametes with varying chromosome numbers; 9 being most 
frequent but 18, 36, and intermediate numbers also occurring. 

The 72 (somatic) chromosome hybrid from Nicotiana glutinosa 
(2a; = 24) X A', iabacum (2x == 48), found by Clausen and Goodspeed 
(1925), probably arose, as Karpechenko points out, in similar fashion 
to the polyploid x hybrids. And the same is probably 

true for the fertile 56 chromosome }ijhxidL% Aegilotrioum, from Ahgilops 
ovata X Triticum dicoccoides and^^. ovata x T, durum (Tschermak and 

^ The theory was first put on a proper basis by Bosenberg’s well-known work on the 
semi-heterotypic division. 
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Bleier, 1926) ; but liere no investigation was made earlier than and Jg. 
Reference should also be made to Rosa (Blackburn and Harrison, 1924) 
and to Digitalis (Buxton and Newton, 1928). 

In view of its experimental verification it must be admitted that 
Winge's theory gives a very probable explanation of the origin of 
polyploid series in nature. In principle, it clearly agrees with PercivaFs 
theory that T, vulgare arose as a hybrid between Aegilops and one of 
the Emmer wheats; and on the evidence given a hybrid origin might 
equally well be granted for the 28 chromosome species, which are much 
more variable than the 14 chromosome species and are distinguished by 
many new characters. The two theories have been kept in view in what 
follows. 

IL GENETICS AOT) CYTOLOGY. 

(1) Inteobuction. 

Except in the case of the first group with the other two, all wheats can 
be crossed easily, giving fertile hybrids if they are of the same chromo- 
some number, and a partially sterile hybrid if they differ in this respect. 

Classic examples of Mendelian inheritance have been worked out in 
the genus. Thus Biffen (1906) showed that differences such as rough and 
smooth chaff, bearded and beardless ears, red and white chaff, are due 
to single factors, and later (1907) that susceptibility and resistance to 
attacks of Puccinia glumarum are inherited in the same way; while the 
cumulative factor theory was first suggested by Nilsson-Bhle’s work on 
the inheritance of grain colour (1909). It is remarkable that later work 
has discovered very few further characters whose inheritance can be 
worked out with accuracy. 

It is, of course, only since the work of Sakamura and Kihara that 
progress on the genetics of crosses between the groups has been made, 
and the greater part of this section will deal with species hybrids in 
wheat, with hybrids between wheat and Aegilops, and with related 
problems such as hybrid sterihty. We shall also consider Winge’s theory 
of the origin of speltoid mutants and the various genetic questions 
arising therefrom. 

The chromosomes of any species of Triticum are all similar, and there 
are no obvious differences between those of different species. They are 
also rather long, and difficult to study in somatic cells. However, if root 
tips are treated with chloral hydrate the chromosomes are shortened; 
and it is claimed that not only can different lengths be found within a 
single set, but that the ratio the longest bears to the shortest varies in 
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different species. Constrictions also appear. The possibility of comparing 
the chromosomes of the different species of Triticum and Aegilops is 
therefore indicated (Kagawa, 1927, 1929 a, b). 

(2) The cytology oe hybrids m Triticum and Aegilops. 

(a) 42 X 28 chromosome wheats. 

The first description of the cytology of crosses between wheats with 
different chromosome numbers was that of Kihara (1919) for hybrids 
between members of the second and third groups, and we will deal with 
these crosses first. Later workers have confirmed his results, and 
altogether the following crosses have been described, viz. polonicum 
X Sfdta and turgidum x compactum (Kihara, 1919, etc.); durum x 
vulgare (Kihara, 1919; Sax, 1922 a); polonicum x compactum (Kihara, 
1921); turgidum x vulgare (Watkins, 1924). The hybrids are moderately 
fertile. 

Wheat is not very favourable for studying the heterotype prophase 
and no detailed description has been given for the hybrids, but at 
heterotype metaphase the 35 chromosomes are present as 14 bivalents 
and 7 univalents (Figs. 6, 7). The constituents of the bivalents separate 
normally, while the univalents lag behind and split longitudinally 
(Figs. 8, 9). The split halves travel to the poles, but sometimes arrive 
too late to be included within the daughter nuclei (Fig. 10). In the 
homotype the chromosomes, 21 or less in number, are arranged regularly 
on the equatorial plate (Fig. 11); but while those descended from the 
bivalents split longitudinally and pass to the poles in the normal way, 
the univalents segregate at random (Fig. 12) and may, once again, arrive 
at the poles too late to be included within the nuclei (Fig. 13). A tetrad 
is always formed (Fig. 14) (Kihara, 1919; Sax, 1922 a; Watkins, 1924). 
In both divisions loss of chromosomes occurs at random (Watkins, 1924). 
Trivalent chromosomes are rare in these hybrids (Kihara and Nishiyama, 
1928) and pairing seems to take place very regularly in the way described, 
though Sax (1922 a) records a probable case of nine univalents being 
seen, thus indicating that two chromosomes which normally pair had 
failed to do so. The lost chromosomes* are seen in the tetrad cells as 
deeply staining spherical masses or as small nuclei. As the pollen grain 
develops they probably degenerate (Kihara, 1919; Watkins, 1924). 
Owing to random segregation of the 7 univalent chromosomes at the 
homotype the tetrad nuclei may contain any number of chromosomes 
from 14 to 21, and roughly 75 per cent, of these tetrads develop into 
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Figs. 8, 9. Anaphase. 
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Mg. 12. Late anaphase. Fig. 13. Telophase. 

Figs. 6~14, Feduotion diyisions in pentaploid wheat hybrids. Somewhat diagrammatic 
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pollen grains in normal fashion. The others cease development at any 
time from the single nucleus stage onwards, and give at anthesis pollen 
grains which are completely or partially empty (Watkins, 1927 a). 

In the embryo-sac mother cell the divisions follow the same course. 
But in pollen mother cells univalents lost at the heterotype are often 
regained during the homotype, while in the embryo-sac mother cell this 
does not occur; so that from this cause the egg cells would have rather 
lower chromosome numbers than the pollen grains. Only the innermost 
megaspore functions (Watkins, 1925). 



It is assumed that the 14 Emmer group chromosomes pair with 14 
from mlgare, and that 7 specific vulgare chromosomes are left unpaired. 
This is the simplest supposition and appears usually to be true, but 
possibilities that might arise from other modes of pairing will also be 
considered on later pages. In any case it is clear that in F 2 we ought 
to find plants with any number of chromosomes from 28 to 42. 

Further discussion of these crosses will be deferred until the cytology 
of other species hybrids has been described. 

(b) 28 X 14: chromosome wheats. 

Here the 21 chromosomes of the behave less regularly than those 
described above. The number of bivalents formed is variable and 
usually less than 7, while trivalents may also occur. Apparently the 
univalents may divide either at heterotype or at homotype. The hybrids 
are almost sterile. 

In dicoGcum,x momcoceum md in aegilopoides x c^icocmm (Kihara, 
1924) the divisions difier from the pentaploid hybrid in that the bivalents 
are variable in number, from 4 to 7, and their components more loosely 
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united. They behave regularly; but the univalents, in number from 
13 to 7, may divide at either division. Later (Kihara and Nishiyama 
1928) it was reported that from 0-3 trivalents, with varying numbers 
of bivalents and univalents, might be found. The figures given are 
convincing and will be discussed later (pp. 205-6). For turgidum x mono- 
coccum Sax (1922 a) and Thompson (1926) give somewhat difierent 
descriptions, possibly because they used different varieties. Sax de- 
scribed approximately 7 bivalents and 7 univalents, but as many as 
9 or 11 univalents were also observed, so that presumably only 6 or 
5 bivalents might be formed. Thompson found any number from 3 to 7, 
usually 5 or 6, with loose association between members of a pair. 
According to Sax the univalents are grouped at the poles at heterotype 
metaphase, are joined there by the descenflants of the bivalents, and 
divide longitudinally in the homotype. On the other hand, Thompson 
found that they split longitudinally in the heterotype and segregated at 
random in the homotype, loss being frequent. 

The two series of crosses so far described, viz. 42 chromosomes x 28 
and 28 x 14, are sufficient to give an idea of the general behaviour, and 
most of the remaining cases will be dealt with more briefly. 

(c) 42 X 14 chromosome wheats. 

The hybrids are sterile (Percival, 1921) or weakly fertile (Kihara and 
Nishiyama, 1928). 

For Spelta x monococcum Melburn and Thompson (1927) give 0-5 
bivalents, pairing being loose, and 28 to 18 univalents. ¥01 Spelta x 
aegilopoides Kihara and Nishiyama (1928) found on one occasion as 
many as 10 bivalents, plus 8 univalents; but 7 bivalents were more 
usual, and 1-2 trivalents with various numbers of bivalents — usually 
4 or 5 — were also found. 

(d) Aegilops x Triticum. 

A. cylindrica Host, and A, ovata L. have been crossed with most 
wheat species and the cytology described. The hybrids are sterile, and 
the pollen obviously imperfect with very few exceptions. 

The' only cases in which th^re is regular pairing at the heterotype 
are m A\ cylindrica {x = 14) x T. vulgare described by Sax and Sax 
(1924), and' in considerable detail by Kagawa (1928), and in cylindrica 
X T, SpdtA (Bleier, 1928). In both these crosses there are usually 
7 bivalents and 21 univalents, but t)ccasionally the bivalents only 
number 5 or\6. In marked contrast, A, cylindrica (x == 14) x T, durum 
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(x — 14) gives no bivalents (Bleier, 1928), obviously suggesting that 
mlgare is differentiated from durum hj 7 chromosomes that are similar 
to 7 of the chromosomes of A, cylindfiea. On the other hand, in A. ovata 
{x = 14) X T. mlgare there are either no bivalents (Percival, 1926) or 
there is occasional loose pairing (Bleier, 1928), so that there should be 
considerable differences between the chromosomes of A. ovcda and those 
of A, cylindrica. Though no bytological study has been made, so far as 
I am aware, it is interesting to know (Percival, 1928) that the hybrid 
between the latter two species is sterile. 

A. ovata {x == 14) x T, monococcum (x ~ 7) often gives 21 univalents, 
but sometimes up to 5 bivalents (Bleier, 1928). 

In A. ovata x T. dicoccum (Percival, 1926; Sax, 1928) x dicoceoides 
(Bleier, 1928) x durum (Bleier, 1928), or Xfolonicum (Kagawa, 1929 o) 
pairing is absent or only loose. Bleier was unable to find evidence for 
the production of 28 chromosome gametes in his hybrids. They are to 
be expected because it was from the same cross that the fertile 56 
chromosome hybrids were obtained, and the irregularities described by 
Percival and by Sax suggest that they are sometimes formed. Sax 
definitely showed their production on the female side, where however 
the divisions may possibly be somewhat different. He crossed his 
back to dicoccum, and out of six offspring examined all had 42 chromo- 
somes, so that the F-^ egg cells must have had 28. The plants so obtained 
are interesting since they have the same chromosome number as T, 
vulgare, and are described as being like that species in many respects ; 
but they are of course sterile, and give at reduction 14 bivalents plus 
14 univalents, as indeed is to be expected from their origin. 

In A, cylindrica X T. dicoccum (Kagawa, 1929 c) no bivalents were 
observed, and the formation of diploid pollen grains was to be expected 
from the chromosome behaviour. 

Bleier (1928) also crossed his Aegilotricum back to A, ovata. 

A, ovata x fertile F^ (A. ovata x T. durum) gave as expected 14 bivalents 
and 14 univalents; but, very surprisingly, in A. ovata x fertile F^ (A. 
ovata X J. dicoocum) no pairing at all w'as seen — ^an unexpected result 
that should be fully investigated. 

(e) The origin of the bivalents. 

The occurrence of trivalents in certain crosses and of 10 bivalents 
in Spelta x aegilojpoides (Kihara and Mshiyama, 1928) is important, since 
it shows that autosyndesis — pairing of the chromosomes from one parent 
among themselves — can occur in the polyploid wheats. It should be 
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added tlat, altlio-ugli it is often difficult in wheat to tell whether a given 
structure is a bivalent or a trivalent chromosome, the figures given by 
these authors seem to me particularly convincing (Fig. 15). In pentaploid 
wheat hybrids trivalents are rare, and genetic evidence (see p. 235) shows 
that allosyndesis — pairing of chromosomes from different parents, in 
the usual manner — is the rule. Again, in A, ovata x T, mlgare mi 
A, cylindrica x T. durum there is practically no pairing, so that the 
6”7 bivalents found in A, cylindrica x T. vulgare presumably come from 
allosyndesis. An interesting case is the haploid T. vulgare (Gaines and 
Aase, 1926). This plant, which came from an attempt to cross T. vulgare 
with AegilofSy was exactly like the parent except for its total 

sterility and profuse tillering, and at reduction gave 21 univalents, no 
pairing at all being reported. It is possible that this should be regarded 



Fig. 15. Chromosomes at heterotype metaphase, in side view. A, trivalent; B-B, bivalents; 

E, univalent. After Kihara and Nishiyama. 

as a special case, and should not be used as evidence for the amount of 
pairing that may occur in hybrids; but bivalents have been observed 
by Jorgensen in haploid Solanum nigrum (1928). We may probably 
accept the conclusion that the regular pairing found in crosses such as 
those just mentioned is the result of allosyndesis; but that autosyndesis 
is a likely explanation of the occasional pairing found in A. ovata x the 
tetraploid wheats, and probably in other similar cases, as Percival 
suggested (1926). 

The usual practice, with which most will agree, is to regard the 
haploid chromosome complements of the different Triticum and Aegilops 
species as made up of 1, 2, 3 or more sets of 7 chromosomes; and in this 
way Gaines and Aase"(1926) suggest that, to agree with the observations 
on chromosome pairing, T. should be represented as ab, 

T. vulgme and A. cylindrica ^ cd. It will be noticed that the 

results agree with PercivaFs views on the relation between wheat and 
Aegilops^ inasmuch as A. cylindrica to have some relation with 
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r. mlgarehviViiO'm with the 28 chromosome w^heats. They are, however, 
not in accordance with the idea of a close relationship between T. vulgare 
mdA.omta, 

No doubt the cytology of Aegilops and Trifieum hybrids will help 
ns to understand evolution in these genera, but before conclusions are 
drawn it should be worked out more thoroughly than it has been so far. 
It is also possible that the formation of bivalents gives only a rough 
guide to the relation between the species that enter a cross. Thus Primula 
mfticillata and P.flofihunda appear to be well separated species and give 
a completely sterile hybrid; but in the latter 9 bivalents are formed and 
the divisions are quite regular (Newton and Pellew, 1929) ; and Bleier’s 
conclusions, given above, also suggest the possibility that complications 
may exist. 

(3) Cheomosome behavioue and stekility in pentaploid 

WHEAT HYBEIDS. 

{a) General features. 

Different workers have come to different conclusions as to the cause 
of sterility in these hybrids, and in the following discussion I shall give 
as far as possible the evidence for the different views, although on some 
points it is not possible to come to a definite decision. I have already 
described the chromosome behaviour in the from crosses between the 
two groups, and I shall here make the simplest assumptions there 
suggested, viz. that the unpaired chromosomes come from vulgare, that 
the same ones always remain unpaired, and that they differ in definite 
ways from the others. 

In any cross between the two groups the F^ has a moderate pro- 
portion of its pollen obviously imperfect—usually about 25 per cent. — 
andiails to set grain in many flowers. The grains obtained may be plump 
and well filled, or wrinkled in greater or less degree; they germinate 
badly, and many of the JFg plants die young or cease development before 
grain is set. Again, the vary greatly in the proportion of 

imperfect pollen and show every gradation from setting no grain to 
setting grain perfectly; while further, if any plant shows sterility in these 
features some of its progeny will die in the young stages. We- may 
therefore recognise four aspects of sterility: imperfect pollen; failure to 
set grain; bad germination of gr^n; and non-viable zygotes. Confusion 
is sometimes caused by using the term sterility for any or all of these 
without specifying which; though, of course, all are usually associated. 

14r-2' 
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Imperfect grain setting is most easily seen, and it is agreed (e,a. 
Eihara, 1921, 1924; Sax, 1922 a; Watkins, 1924, 1926) that this is 
characteristic of all plants with chromosome number intermediate 
between 28 and 42. Though it has been reported (Kihara, 1924) for a 
28 chromosome plant it is not so usual. Closely connected with sterihty 
are problems raised by the chromosome number and composition of the 
plants belonging to or later generations, and this will be described 
first. 

We have seen that both microspores and megaspores should have 
any number of chromosomes from 14 to 21, and it has been abundantly 
confirmed (Kihara, 1919, 1921, 1924; Sax, 1923; Watkins, 1924) that, 
as we should expect, plants have any nmnber of chromosomes from 
28 to 42. Among these plants we can distinguish certain main ways in 
which the chromosomes are combined (Kihara, 1921, 1924; Watkins, 
1924). Thus plants with 35 chromosomes, or less, show normally 14 bi- 
valents -{- 0 . . . 7 univalents, and such plants are of normal vigour and more 
or less fertile. On the other hand, in plants with more than 35 chromo- 
somes the sum of the bivalents and univalents is nearly always 21 {e.g, 
16 bivalents + 6 univalents, 19 bivalents 4- 2 univalents, etc.), and such 
combinations are again more or less fertile and vigorous. These two types 
are called by Kihara fertile combinations. Occasionally, plants with 
other combinations are found {e.g, 15 bivalents + 4 univalents, or 
20 bivalents only, etc.). These plants are dwarf and sterile, or nearly so, 
and are called by Kihara sterile combinations. That is to say that, in 
general, unless one complete set of 7 extra chromosomes is present none 
of the extra chromosomes will be present as bivalents. The exceptions 
are the rare so-called sterile combinations. 

The explanation of this has been studied closely by Kihara (1921, 
1924) and myself (1924, 1925, 1927). Kihara assumed (1924) that the 
7 unpaired chromosomes of the F^ were all different — A, B,C, ... G— 
and that only like chromosomes would pair in the zygotes. My own 
assumption was the same (1924). For simplicity we will illustrate the 
conclusions by supposing that instead of an with 14 bivalents + 7 uni- 
valents we have one with x bivalents + 2 univalents, A and jB, genetically 
different. The parents would 'be 2a? and 2 {x + A + B) and the Fi 
gametes of four kinds, viz.: 

^ X, X -j-' A f a? -f- By X -jr A -j- By 
S X, X + Ay X 4- By X -i- A 4- 5, 

Random mating would give the following zygotes : 
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Chromosomes at heterotype 
CO hiv. 

z biv. + 1 univ, 

(a; + 1) biv. (= sterile combiaatlon) 
a; biv. +2 univ. 

(a; + 1) biv. + 1 univ. 

(a; +2) biv. 

In tMs illnstration tlie only sterile combination is (a; + 1) bivalents, 
2x + 2A or 2x + 2B; and this is a sterile combination because an 
extra cliromosome is present as a bivalent witbout a complete set of 
tbe extra cbromosomes — ^here a complete set is ^ + B — ^being present. 
Tbe case of 7 univalents is of course far more complicated and the 
sterile combinations are far more numerous. Examples of tbe com- 
binations when there are 7 univalents are : 

(2X + A + B, 2X + B + 0 + E + F+G, 
[2X + 2A + 20 + B + D + E + F ^ G, 
pX + 2B, 2X^20 + D + F+Q, 

{2X + 2A + 2B-h2C + 2D~h2E + F, 

where 2X represents the 14 bivalents and A, B, — G the 7 univalents. 
The feequency of the various possible combinations has been worked out 
in detail by Kihara (1924), assuming random segregation of univalents 
at the homotype and no chromosome loss, and by myself (1924) assuming 
random segregation and allowing for chromosome loss. Roughly speaking, 
from 10 to 90 per cent, of the combinations would be expected to be 
sterile combinations, according to the chromosome number of the parent 
plant, the maximum occurring for 36 chromosome plants. 

The actual rarity of these sterile combinations is an important fact. 
Closely related to it is another, equally important and verified experi- 
mentally by many counts (Kihara, 1924), namely that plants with less than 
35 chromosomes, the ‘"‘Verminderungsgruppe’’ of Kihara, give progeny 
with the same number or fewer, so that by continued self -fertihsation 
the number 28 is finally reached. On the other hand, plants with more 
than 35, called by Kihara ''Vermehrungsgruppe,’’ give with few 
exceptions progeny with an equal or greater number of chromosomes, 
so that finally the number 42 will be reached. This is, in fact, a direct 
consequence of the absence of the sterile combinations, as shown by 
Kihara (1924) and by myself (1924). In the case of a 40 chromosome 
plant, for example, all offspring with fewer than 40 would have less than 
a total number of 21 (bivalents + univalents) and would be sterile 
combinations (Diagram 1 a, 6). 


Fertile combinations 
Sterile combinations 


No. of 

citromosoines 

, 2x . , 

2a? + 1 

2a: +2 

2a; +3 
2a; + 4 


Composition 

2a; 

2x+A or 2x+B 
{2x+2A ox 2x'{-2B 
]ot2x+A+B 
2x-^2A+B or 2x+A +2B 
2X + 2A+2B 
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FroDCL what has been said it is evident that a true breeding segregate 
with chromosome number intermediate between 28 and 42 would be 
exceptional. 

These facts are important to understand, both for the genetics of 
the cross and for the problem of sterility, but before dealing with these 
questions some results described by A. A. Sapehin (1928) and by A. A. 
and L. A. Sapehin (1928) must be mentioned. 

These results refer to cytological irregularities observed within the 
species vulgare and in a durum x vulgare cross. Two types of irregularity 
were described. In one of these the heterotype division is disorderly, the 
chromosomes vacuolise, and dyads or tetrads with many nuclei, ap- 
parently degenerating, are formed. This was observed in some varieties 
of vulgare and is clearly a physiological question outside the scope of 
this paper. In the other type irregular production of univalents was 
observed. Thus, varying numbers of univalents were found in pure lines 
of vulgare and in true breeding extracts from durum x vulgare, with 
42 chromosomes. In some lines this was observed only in a few tenths 
per cent, of cases (? cells); but occasionally in as many as 3-4 per cent, 
of cases; while in an F^ from two such lines the frequency varied from 
0 to 60 per cent. Another case was a 36 chromosome plant ''showing. . .a 
fair fertihty/’ which bred true to chromosome number and type. The 
plant had 16 bivalents -}- 4 univalents, and until it has been ascertained 
how such a combination of chromosomes can breed true to chromosome 
number its significance cannot be discussed. The final case refers to 
a 36 chromosome plant with 5 bivalents + 14 univalents, a total of 
24 chromosomes; but this does not seem to be quite clear. 

The meaning of these results evidently cannot be discussed until they 
have been more fully worked out. 

Sterility : Introductory, 

In this section the conclusions of the different workers will be briefly 
described. 

Edhara’s work on sterility has been directed towards explaining the 
absence of the sterile combinations of chromosomes. Assuming no loss 
of univalents at reduction, and^ random mating between the gametes, 
he worked out the frequency of the various possible chromosome 
numbers among the offspring of 36, 37, ... 41 chromosome plants. 
Comparing this expectation with the frequency found experimentally he 
concluded that these assumptions were correct, and that zygotes with 
sterile combinations were formed but were afterwards eliminated in 
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various ways. Tlie conclusion was confirmed by observations on the 
number of flowers per ear that set grain, the number of grains that 
germinated, and so on. 

Sax (1922 a) measured sterility in T'x and -Fg by average number of 
grains per spikelet, and also in observed the proportion of visibly bad 
pollen. Assuming that grains did not set when the egg cells were not 
functional, he concluded that both male and female gametes with 
chromosome numbers intermediate between 14 and 21 tended to he 
eliminated, those with 17 and 18 chromosomes being most affected. 
Other factors, such as poor vegetative development, and qualitative 
differences between the homologous chromosomes of the parent species, 
were also thought to operate. Later (1928), he concluded from reciprocal 
crosses between an and its parents that "doss of univalents, selective 
elimination of gametes, and possibly selective fertilisation, do not seem to 
be adequate to account for the great excess of 14 chromosome gametes.’^ 

My own work has been partly directed to explaining the absence of 
the sterile combinations. It was found that univalents were lost at 
random at reduction, and by observing the amount of loss the frequency 
of the different chromosome numbers in the gametes was calculated. 
In some cases random mating gave a high proportion of sterile com- 
binations (about 90 per cent, of the offspring of a 38 chromosome plant, 
and about 25 per cent, of a 31 chromosome) which could not be accounted 
for by the observed amount of zygotic mortahty. Hence, since nearly 
all egg cells were shown to be fertile with parental pollen, it was 
concluded that there had been elimination of poUen with intermediate 
chromosome numbers, which would of course greatly reduce the pro- 
portion of sterile combinations. This was confirmed by the low pollen 
germination observed on the stigmas; and by a small number of 
chromosome counts for reciprocal crosses between and the parents. 

Thompson and Hollingshead (1927), calculating the frequency of 
chromosome numbers in gametes on the basis of random segregation 
of univalents in the homotype, found that in -Fj. from dicoocum x vulgare 
the proportion of 28 chromosome plants was actually far higher than 
was expected. They considered that this was to be accounted for partly 
by loss of univalents at reduction in the J’;^, partly by b4d grain germina- 
tion, and partly by sterihty in the gametes. Later (1928) Thompson and 
Cameron made reciprocal crosses between various jF^^s and their parents; 
and, comparing the results with expectation, concluded that there was 
elimination of gametes with intermediate chromosome numbers in both 
male and female, but chiefl.y in the former. 
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Evidently there is much disagreement among the different workers, 
and it will therefore he necessary in the following pages to discuss each 
aspect of sterihty in some detail. Even so, though on some points we 
can reach definite conclusions, on others this will not be possible. To 
some extent different workers have used different crosses, but it seems 
to me unlikely that there will be any important differences in principle 
between them, though we should of course expect considerable variation 
in the intensity with which the various factors operate. 

(c) Grain germination, 

I shall consider this firrst since the conclusions seem reasonably 
certain; namely, that germination depends rypon whether there are one, 
two, or three sets of the extra chromosomes of the vulgare group present 
in the endosperm (Watkins, 1927 a). 

Sax (1922 b) pointed out that, in wheat, sterile crosses give wrinkled 
Fi endosperms, and suggested that this was associated with the parental 
difference in chromosome number; in jPg he found that the endosperms 
were variable, and unrelated to the sterility of the plant their embryos 
produced (1922 6). Kihara (1924) considered the possibility that some of 
the embryos with sterile combinations might be eliminated by bad grain 
germination, but though this may be an added cause there seems little 
doubt from my own work (1927 a) that the endosperm is the most 
important factor. In the normal endosperm all chromosomes are 
triploid, two sets being derived from the polar nuclei and one from the 
male gamete; so that endosperms will have 63 chromosomes, and 

those of the Emmer wheats 42. Reciprocal crosses between 28 and 42 
chromosome plants will give different endosperms: ? 28 chromosome 
X ^ 42 giving one with 14 -f 14 + 21 = 49 chromosomes, and $ 42 x <? 28 
one with 21 + 21 -f 14 = 56. It is found that in the former cross the 
grains obtained are wrinkled and germinate badly, while in the latter 
they are not wrinkled, though below normal size, and germinate well. 
In these crosses, as in all others investigated, the classes that germinate 
badly have the extra chromosomes haploid in the endosperm 

while those that germinate well have them diploid. The clearest con- 
firmation is given by reciprocal crosses between and the 28 chro- 
mosome parent. Fi pollen has any number of chromosomes from 14 to 
21, and the cross ? 28 chromosome X c? gives two classes of grains, 
viz. unwrinkled grains that germinate ’f'ell and produce 28 chromosome 
plants, and wrinkled grains that germinate badly and give plants with 
more than 28 chromosomes, chiefly from 31 to 35. Evidently the extra 
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chromosomes, wMcli are present once each in the endosperm, as well as 
in the emhryo, are the cause. But in the reciprocal cross, ? #1 x $ 28 
chromosome, although many of the embryos have extra chromosomes 
as before, the endosperm in such cases will have them present twice e^ch 
instead of once; and it is therefore found that the grains are not wrinkled 
and germinate well Eeciprocal crosses between and the 42 chromo- 
some parent also agree with these results, so it was definitely concluded 
that in pentaploid wheat hybrids the grains germinate badly if the 
extra chromosomes are haploid in the endosperm, and well if they are 
diploid or triploid. It was not found whether there is any difierence in 
the germination in the last two classes, but as noted above they are 
sometimes different in appearance. 

The results given refer only to crosses between vulgare and turgidum, 
but it may be stated here that they have been amply confirmed for a 
number of other crosses between the two wheat groups (unpublished), 
audit is of course probable that the conclusions wiU apply to the polyploid 
series in other genera, and may often be the reason for the shrivelled 
seeds that are so typical of many hybrids. 

It should be pointed out, however, that although the factor in 
question must be the usual cause of the poor germination of grains of 
#2 or later generations in wheat hybrids — ^which is indeed confirmed by 
the shrivelled appearance of many of them — ^there still remains the 
possibility, as yet improved, that the constitution of the embryo may 
also operate. 

{d) Failure to set grain. 

Writers on sterihty often refer to this feature alone when the term 
sterility is used, probably because it is the most obvious and easily 
measured; but the practice is sometimes confusing, and it would be 
better when speaking of sterility to specify exactly which form is meant. 

Kihara (1921, 1924), Sax (1922 a) and I (1926) have all come to 
different conclusions. I will give my own results first as they seem to me 
conclusive so far as they go, and the only question is how widely they 
may be applied. 

Crosses between different species give with different amounts of 
fertility. Under Cambridge conditions most set grain in about 75 per cent, 
of flowers, hvit m Sjpelta x persicum the fertility is much lower. In F^ 
and Jg it varies from 0 to 100 per cent. Perfect success in crossing wheat 
is not easily attained, but crossing F-^ {vulgare x turgiduni) 'hB>Qk to its 
parents (1925) gave a success of 136/167 = 87 per cent., while crosses 
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between pure lines gave 90 per cent., and tlie allowed to self set 
75 per cent. It seems conclusive that in this F-^ some of the F{ egg cells, 
though functional, fail to become fertilised by their own poUen-— it was 
in*’ fact observed that pollen germination was often low on F^ stigmas--> 
and if any egg cells are non-functional the proportion must be less than 
5 per cent. (1925). The result has been repeated for several years for 
this and has been found to apply also to a number of other crosses, 
e.g, vulgare x dicoccum. Since this is evidently a frequent cause for 
failure to set grain in F^, I think it may be extended to some, at 
any rate, of the F^ and F^ plants. Moreover, cytological observation 
showed (1925) that in several jFg plants which only set grain in about 
50 per cent, of flowers there were only 8 per cent, of aborted embryo 
sacs, while 43 per cent, of those that were morphologically perfect failed 
to become fertilised. It is still possible that in some plants, especially 
the most sterile, other factors may operate; but evidently the one in 
question is important and it has been entirely neglected by other 
workers. 

In durum x vulgare and turgidum x compactum^ Sax (1922 a), measur- 
ing sterility by number of grains per spikelet, assumed it was due to non- 
functional egg cells alone, and suggested that it was chiefly those witb 
17 and 18 chromosomes that did not function. No direct evidence was put 
forward in support, and it is clear from what has been said above that 
this view must be largely wrong. But on general grounds it is quite 
likely that in the more sterile plants some of the egg cells are actually 
non-functional, and the 8 per cent, found above may be an example. 
But as yet we have no evidence as to the exact cause. 

Kibara (1924) considered that in flowers that did not give grain tbe 
embryo had aborted, and that the sterile combinations of chromosomes 
were eliminated thereby. "'Nachdem die Embryonen durch Verschmel- 
zung von verschiedenen chromosomigen Gameten gebildet sind, werden 
dieselben in ihren verschiedenen Entwicklungstadien eliminiert. Daher 
sind die K5rner einer Ahre, die gut entwickelt sind, grossenteils solche, 
die als Embryonen von fertilen Kombinationen zu erklaren sind.” 
Following this idea he worked out the relative frequency of zygotes with, 
sterile and fertile combinations to be expected from the self -fertilisation 
of plants with 35, 36, ... 41 chromosomes; assuming that no chromo- 
somes were lost at reduction, that univalents segregated at random 
during the homotype, and that there was random mating between the 
gametes so formed. For example, a 40 chromosome plant would give 
9 zygotes with fertile combinations to 7 with sterile, It was then sug- 
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gested that if a completely fertile (42 chromosome) plant set 30 grains 
per ear the 40 chromosome one would set 9/16 x 30 = 16-8 grains per ear. 
Ie this way he worked out the variation in fertility with change of 
chromosome number from 35 to 42; and comparing the results with the 
observations for a number of plants of known chromosome number it 
was considered that the agreement was sufficient to support the theory. 
Since, however, the two assumptions— random mating (see below, p. 218) 
and no loss of univalents— are neither of them correct, the calculations 
can only have comparative value. It should also be pointed out that 
number of grains per ear is not a reliable measure of the proportion set, 
which is what is wanted, since it varies greatly with the vigour of the 
plant. Kihara also found that in a 39 chromosome plant, for example, 
the observed frequency of ""off spring with 39, 40, 41, 42 chromosomes 
agreed with the calculations given above if only the fertile combinations 
survived and zygotes with sterile combinations were eliminated. But 
agreement was good only for the progeny of 38 and 39 chromosome 
plants. In the case of 40 and 41 chromosome plants it was not good, 
and the reason suggested was loss of chromosomes in the reduction 
divisions— a possibility that was not considered in the former case. 
Against Kihara’s conclusion that failure to set grain is caused by the 
abortion of embryos with sterile combinations of chromosomes is the 
positive evidence that, in a number of partially sterile plants from 
vulgare x turgidum (Watkins, 1925), cytological examination showed 
that in those flowers in which no grain was set the egg cells were not 
fertilised, and that, with one or two doubtful exceptions out of over 70, 
fertilised egg cells developed normally and gave normal grain. Hence, 
it seems to me certain that the mechanism suggested by Kihara cannot 
be a widely spread cause of sterility. 

Finally, my own conclusion has been criticised by Thompson and 
Cameron (1928), working with vulgare x durum, x dicoccum, and 
X dicocooides] first on the ground that, when was crossed back to the 
parents, chromosome counts showed that some of the egg cells with 
intermediate numbers had been eliminated; secondly, because less seed 
was obtained w^hen was pollinated from the parents than in crosses 
between pure lines. The first of these criticisms does not seem to me valid 
for reasons given below (p. 221). With regard to the second, some reason 
connected with the technique of making the crosses seems to be indicated, 
since a set of only 34 per cent, was obtained, and similar J^’s set 75 
per cent, when allowed to self (Thompson and HolUngshead, 1927), as 
they do at Cambridge. 
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In conclusion, I think it may be said that in most crosses between 
the second and third groups, the reason for failure to set grain in the 
jFj, and often in plants of later generations, is that egg cells that are 
functional with parental pollen do not get fertilised by their own pollen; 
though the exact reason for this is obscure. It is also possible, especially 
in the more sterile plants, that some egg cells may be non-functional 
(Sax, 1922 a), and that in some cases there may be embryo abortion 
(Kihara, 1924); but neither of these suppositions has yet been proved. 

(e) Elimination of zygotes. 

It is probable (Kihara, 1924; Watkins, 1925) that plants which die 
in the young stages, or do not complete^ development, have sterile 
combinations of chromosomes; indeed this is almost certain from 
Kihara's work. Development may stop at almost any stage. Some die 
when only a few leaves have been formed, others tiller abundantly but 
produce no ear; some die just before or after the time of the reduction 
divisions, and in others the ear does not escape properly from the sheath, 
or emerges but is sterile. Kihara actually found a few plants with the 
sterile combinations of chromosomes {e,g, 20 bivalents, 16 bivalents 
-f 2 univalents) and these were dwarf and sterile, or at the best only 
weakly developed and moderately fertile. It seems therefore reasonable 
to conclude that plants that die at various stages during growth are also 
so constituted. 

We shall notice later (p. 241) other examples of the weak development 
of plants with sterile combinations of chromosomes. 

(/) Pollen sterility. 

Kihara first assumed (1921) that all pollen classes were equally 
functional; but though for the most part he held the same view in his 
later work on the evidence discussed above (p. 216), he did deal with the 
possibility of different pollen tube growth rates in an appendix (1924), 
and these results may now be given. Keciprocal crosses were made 
between a 41 and a 42 chromosome plant, and chromosome counts in 
the offspring gave the following frequencies for the functional gametes of 
the former: 

20 cliromosoines 21 chromosomes 
$ 11 4 

e ■ 6 ■ ■ ' 8 , 

This clearly suggests that 21 chronfosome pollen is favoured at the 
expense of that with 20, in the plant in question. It is not clear whether 
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this plant came from durum x vulgare or polonicum x Speltayhut it is 
not material. 

My own work refers to turgidum x mlgare, and the question first 
studied (1924) was tke absence of the sterile combinations of chromo- 
somes. In a plant with 38 chromosomes (17 bivalents + 4 univalents), 
for example, the chromosome loss was counted, and from this were 
calculated the frequencies of microspores with 17, 18, . . . 21 chromo- 
somes. Had there been no loss, those with 17 and 21 chromosomes would 
of course be equally frequent; but actually those with 17 (20 per cent.) 
greatly outnumber those with 21 (about 1 per cent.) ; and, in consequence, 
random mating would give a high proportion (about 90 per cent.) of 
sterile combinations. In a 31 chromosome plant (14 bivalents -f 3 uni- 
valents) about 43 per cent! of microspores had 14 chromosomes, only 
about 1 per cent, had 17; and random mating would give only about 
30 per cent, of sterile combinations. The great difference in the two cases 
is, of course, due to the fact that chromosome loss increases the pro- 
portion of microspores with a low chromosome number and decreases 
those with a high number, leading thus to an increase in the number of 
sterile combinations from a plant with more than 35 chromosomes, and 
to a decrease in the number from one with less than 35. It was then 
found (1925) that, in several plants with more than 35 chromosomes, such 
a high proportion of sterile combinations was not accounted for by the 
observed amount of zygotic mortality; as shown by the fact that embryo 
abortion could not be found, by tests of grain germination, and by the 
number of plants that died. Hence it was concluded that there must 
have been elimination of pollen with intermediate chromosome numbers 
in favour of those with either 14 or 21, or near to these two. To confirm 
this it was shown that although about 80 per cent, of pollen is mor- 
phologically perfect, only about 10 per cent, germinates on the stigmas, 
so that considerable selective elimination is possible. Later (1927 a) the 
^*1 crossed back reciprocally to its parents with the following results: 

No. of chromosomes in functional gametes 

r- ^ . . 

14 15 16 17 18 19 20 21 

13 3 0 3 5 2 6 4 

2 4 2 1 1 1 0 0 

These figures confirm the conclusion since the expectation for both 
sexes was a binomial distribution with the mode at about 16. In 
criticism it must be admitted that the counts are small, and that the 
previous conclusion rested on indirect evidence. But, on the other hand. 
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tliere is a very striking discrepancy between tke small number of zygotes 
actnally eliminated and the 90 per cent, or so of expected sterile com- 
binations if random mating is assumed. It seems fairly certain that in 
these plants, with more than 35 chromosomes, there must be a favouring 
of 21 chromosome pollen grains at the expense of those with lower 
numbers. For plants with less than 35 chromosomes, where the expected 
proportion of sterile combinations is much smaller, the evidence is not 
so strong; and elimination of gametes with 15 or 16 chromosomes in 
favour of those with 14 may be less marked. 

Further evidence is given by Nishiyama (1928) who worked with two 
41 chromosome plants. These came from crosses between T. Sjpelta and 
two dwarf plants with 20 bivalents (a sterile combination) which were 
themselves obtained by Kihara (1924) from the cioss polonicum x Spelta. 
The two plants were crossed back to both their parents. In the female 
the ratio of 20 : 21 chromosome gametes was 73 : 27; the departure 
from equality being due to chromosome loss, and being in agreement 
with my results given above. For the male, however, the corresponding 
ratios were 11 : 89 and 37 : 63 in the two plants, clearly showing elimina- 
tion of 20 chromosome pollen grains. Nishiyama’s paper is in Japanese 
and it is not clear from the English summary to what extent actual 
counts were made, and to what extent the number of chromosomes was 
estimated from the characters of the plants; but in any case the latter 
method should be a reliable guide in such a case. 

Working with vulgare x diooccum, x durum, and x dicoccoides, 
Thompson and Cameron (1928) give the results of a large number of 
aceto-carmine counts when was crossed back reciprocally to the 
parents. Different F^’s gave similar results with one exception which was 
probably significant, though the number of counts was not very large. 
The data must be discussed in detail below, but the conclusion was that 
there was elimination of both male and female gametes with intermediate 
chromosome numbers, and more in the male than in the female. 

Although random mating was assumed by Kihara (1924) in most of 
his work, it will be noticed that he did later on consider the possibility 
of a selective sterility in the poUen; and later work (Nishiyama, 1928; 
Thompson and Cameron, 1928) supports my own conclusion (Watkins, 
1926) that this does occur. Sax also (1922 a) had assumed that there was 
such a selective action, but did not give much evidence in support. We 
must, however, defer our conclusion until certain other evidence has 
been examined. "" 
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{g) The functional gametes and the F < 2 ^, 

In tMs section we may consider in detail some data given by Thompson 
and Hollingsbead (1927), Thompson and Cameron (1928), and by Sax 
(1928) which may have an important bearing on the matters we have 
been discussing above. The data appear to show an unexpected excess 
of 28 chromosome plants in F^, There is evidence that this only occurs 
to a marked extent in some crosses, but we shall have to consider the 
possible bearing of the phenomenon on our previous conclusions in case 
it should occur less markedly in other cases as well. 

The first instance was given by Thompson and Hollingshead (1927) 
in vulgare x dicoccum. Counts were made for 28 plants by the aceto- 
caxmine method, and ^^an attempt was made in each case to ascertain 
the numbers of bivalents and univalents.’’ Allowing for possible un- 
certainty in the counts it does not seem likely that a mistake could have 
been made with 28 chromosome plants, and yet no less than 6 of these 
were found among the 28 plants counted. The authors point out that 
random segregation of 7 univalents at the homot 3 rpe means, if there is 
no loss, only (J)^ = 1/128 microspores or megaspores with 14 chromo- 
somes; thus giving, with random mating, less than one 28 chromosome 
zygote per 10,000. They consider that the discrepancy may be due partly 
to chromosome loss at reduction, partly to mortality of zygotes, and 
partly perhaps to the 25 per cent, sterihty of F^ flowers, since these might 
represent embryos that fail to develop. 

The interesting feature of the results is that all these factors together 
are not enough to explain the discrepancy. 26 per cent, of the flowers on 
the Fi gave no grain; of the grains, 37 per cent, germinated; and it is to 
be presumed that the 6/28 plants with 28 chromosomes were a random 
selection. If we make the unlikely assumptions (1) that every 14 chromo- 
some egg cell was fertihsed (the flowers with no grains representing egg 
cells with more than 14 chromosomes), (2) that every one was fertihsed 
by a 14 chromosome male gamete, and (3) what is probably nearly true, 
that every grain with a 28 chromosome embryo germinated, we can then 
find the minimum proportion of 14 chromosome egg ceUs the plant 
must have had. It comes to 6/28 x 0*37 x (1*0 — 0*25) = 0*06; and this 
is still a high proportion. We have seen that random segregation of 
univalents in the homotype, with no loss, would mean a proportion of 
(I)’ =1/128. Actually, of course, there is loss of chromosomes, and 
from the amount observed by the\uthors in the tetrads we can calculate 
that the true frequency of 14 chromosome microspores would be 
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(0.64)’ = 0*013; wHle tlie frequency found above for megaspores, 
0-06 = (0*67)’, requires a much heavier loss than was observed. Assuming 
the accuracy of the figures, there is an evident disagreement between 
observation for the egg cells and expectation from chromosome behaviour 
in pollen mother cells. There are two objections—the rather small 
number of counts, and the possibility that not all the lost univalents 
were still seen when the tetrads were examined— but other results to be 
given below lead to a similar conclusion. 

Considering in more detail Thompson and Cameron’s (1928) results 
with back-crosses referred to above (p. 220) no special comment is needed 
for the exceptional cross, which gave: 

No. of gametes with 14 to 21 chromosomes 


and therefore confirms the conclusion already reached about pollen 
sterihty. The remaining crosses have been grouped together and give the 
following results: 

Proportion of gametes with 14 to 21 chromosomes 


r 

14 

16 

16 

. 

17 

18 

19 

20 

21 

No. of 
counts 

0*36 

0-14 

0*15 

0-14 

0-10 

0*07 

0*01 

0*02 

86 

0*40 

0*20 

0*10 

0-07 

0*03 

0*02 

0*06 

0-11 

99 


Tliey suggest a reduction in the male gametes with from 16 to 19 
chromosomes in favour of those with 20 and 21 ; hut the proportions of 
those with 14 and 15 do not seem to differ much from the female. The 
difference between the two in the case of 16 to 21 chromosome gametes 
may perhaps have been reduced by the poor germination of the grains 
obtained when is used as male parent (see above, p. 214). Thompson 
considers that in addition there has been an elimination of egg cells with 
intermediate chromosome numbers since the numbers found do not agree 
with expectation based on random segregation of univalents without 
loss. I give below the expectation on this basis, and also that if a moderate 
loss is assumed: 

Expected proportions 

^ A ' 

14 15 16 17 18 19 20 21 

W (J+i)’=random segregation 0-01 0-05 0-16 0-28 -028 -016 0-05 001 

and no loss 

(6) (0-6 + 04p=random segregation 0*03 0*12 0-26 0-29 0-20 0-08 0-01 0*002 

and moderate loss 

If either of these theoretical frequ%ncies were correct no comment 
would be necessary as to their: difference from the counts given above; 
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and we miglit accept Thompson’s conclusion that they showed elimination 
of female gametes with intermediate chromosome numbers. But it is 
quite clear that neither of them can be correct. The success in back- 
crossing was about 34 per cent., and most of the counts refer to crosses 
in which grain germination was about 77 or 90 per cent. It follows that 
if we take (b) above as our basis, and assume that only gametes with 
from 15 to 20 chromosomes were eliminated, the proportion of 14 chromo- 
some egg cells found could not be more than 0*03 x 100/34 x 100/77 = 0*11. 
The counts, however, showed 31/86 = 0-36, so that our expectation 
appears to be wrong. It was based on two assumptions: (1) random 
segregation of univalents at the homotype, and (2) a moderate chromo- 
some loss, about the same^ as that observed in the male by several 
authors. If there were a greater loss of chromosomes in the female than 
in the male, we could explain the observed excess of 14 chromosome egg 
cells, but unfortunately it is then found that the observed number of 
those with 21 chromosomes is much too high. Hence we can only 
conclude that the univalents do not segregate quite at random — there 
must be a tendency, perhaps only slight, for them to go together to the 
same pole — and this would clearly produce the observed deficiency of 
female gametes with intermediate chromosome numbers. This seems to 
be the only explanation of Thompson’s counts, and it suggests that we 
should examine in more detail reduction in the female, and the question 
of random segregation. 

Eandom segregation has always been assumed, but is difficult to 
prove. The only actual observations were made on pollen mother cells 
in turgidum x vulgare (Watkins, 1924), where it was found that agree- 
ment with expectation was ‘‘not very close” though “on the whole 
favourable to the assumption that random segregation” takes place; so 
that direct observation clearly suggests some uncertainty. It will be 
recalled that reduction in the megaspore mother cells follow the same 
general course as in microspore mother cells, but that there was probably 
a greater chromosome loss from the innermost, functional, megaspore 
than there was from the other three or from micxospore mother cells — at 
any rate in some plants. Both these conclusions evidently bear on 
Thompson’s results, but before discussing them some further results 
must be mentioned. 

Sax (1928) gave counts for reciprocal crosses between mlgare x durtm 
Fi md the durum parent ; some made from root tips, and some from 
pollen mother cells in aceto-carmine. The different counts agree on the 
whole, and only the totals are given below: 
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Proportion of gametes with 14 to 21 chromosomes 

— ~~ ^ ^ No. of 

14 15 16 17 18 19 20 21 counts 

Q 0*41 0-20 0*16 0-09 0-07 0-02 0-03 0-02 103 

^ 0'57 0*20 0-05 0-04 0*07 0-04 0-00 0-04 56 

He concluded from these figures that ''loss of univalents, selective 
elimination of gametes, and possibly selective fertilisation, do not seem 
to be adequate to account for the great excess of 14 chromosome 
gametes’" and suggested that "it is possible that univalents are frequently 
eliminated in early embryonic development.” The figures are similar to 
those given by Thompson; and if, as with those, we make the utmost 
allowance for elimination by sterility, we get an even greater discrepancy 
than in Thompson’s. The two series of results therefore agree; though 
Thompson has given evidence that this excess of 14 chromosome egg 
cells occurs only in certain crosses. In view of the existing uncertainty, 
further study is needed; but unless there is some unrevealed experi- 
mental error it seems that we must admit that, in some crosses, there is 
either (1) loss of chromosomes during early embryonic divisions, or (2) a 
heavier chromosome loss on the female side than on the male, as well as 
a departure from random segregation of univalents on the female side. 
The latter interpretation seems to me preferable and will be considered 
further. 

The gametes formed, if univalents segregate at random and there is no 
loss, have been given above; they are found from the formula (| + 
Loss of univalents would give a distribution of the same form, a binomial 
one, but gametes with 14 chromosomes would be more frequent, those 
with 21 less so; and the greatest number would have, say, 16 or 17 
chromosomes instead of 17 or 18. If segregation is not random, and 
there is no loss, there would be equal numbers of 14 and 21 chromosome 
gametes, but these would be more frequent and those with intermediate 
numbers would be less so. If, in addition, there is loss, those with 14 
would outnumber those with 21 to a greater or less extent according to 
the amount of the loss. In the microspore mother cells the loss can be 
observed and allowed for, but it would be difficult to find the chromosome 
numbers of the microspores if segregation were not at random. That it 
is sometimes not random in megaspore mother cells is indicated, I think, 
by the evidence just discussed; but from what is known of other plants 
{e.g. Mosay Tackholm, 1922) it is quite possible that this happens only 
on the female side. Also we have seen (p. 223) that the only available 
evidence suggests that loss of chromosomes is heavier in the female than 
in the male. If, therefore, we compare the frequencies of functional 
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male and female gametes by back-crossing the we cannot be certain 
that any difference between them is due to sterility. However, since in 
most IiS the egg cells are all functional, we can probably take the 
frequency of female gametes found by back-crossing as being the same 
as that of the megaspores. If this be so, the high frequency of 14 chro- 
mosome egg cells found by Thompson and Sax suggests that there 
actually was, in their crosses, a greater chromosome loss in the female, 
as we suggested; as well as a departure from random segregation in the 
female. The possibility that segregation is not random in the male should 
also be borne in mind, though this is less likely. 

We cannot come to a defiiiite conclusion on the points discussed 
until a great deal more work has been done, but something must be said 
of the possible bearing of these results on our previous conclusions 
concerning the frequency of sterile combinations and on pollen sterility. 
The proportion of sterile combinations appearing in would be con- 
siderably reduced both by departure from random segregation and by 
a heavy loss of chromosomes in the female; and the latter factor would 
decrease the proportion coming from plants with less than 35 chromo- 
somes. On the other hand, the proportion coming from plants with more 
than 35 chromosomes would be increased by a greater chromosome loss, 
since in this case the sterile combinations come principally from gametes 
with low chromosome numbers; and it would not be altered much if 
segregation were not at random, since this factor increases the proportion 
of gametes with low chromosome number as well as those with high. 
The arguments brought forward (Watkins, 1924, 1925) to show that 
there was a tendency for pollen with intermediate chromosome numbers 
to be eliminated are therefore not altered in the case of plants with more 
than 35 chromosomes; and the factors under discussion were not con- 
sidered at the time for this reason. Neither Nishiyama’s (1928) nor 
Kihara’s evidence from crosses between 41 and 42 chromosome plants 
is in any way affected. Hence it seems fairly certain that pollen having 
21 chromosomes is favoured in comparison with that having 20, 19 or 18 ; 
but the evidence for a weakening of pollen with 15, and perhaps 16, 
chromosomes in comparison with that with 14 is less certain. 

(h) Conclusion. 

It may perhaps be said that, if one thing has come out more clearly 
than another from the foregoing discussion, it is the difficulty and un- 
certainty of the subject; and it will be useful to give a summary of the 
conclusions. 
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In crosses between species of tbe second and third wheat groups the 
jFj is partially sterile, and gives at reduction 14 bivalents + 7 univalents; 
and it is assumed that the 14 chromosomes of the former have paired 
with 14 from the latter. The 7 univalents divide longitudinally in the 
heterotype, and appear to segregate at random in the homotype, while 
loss may occur at either division. The gametes may consequently be 
expected to contain any number of chromosomes from 14 to 2L 

In most s practically all the egg cells can be fertilised by parental 
pollen, but some of them fail to become fertihsed with pollen. 
Germination of F^ pollen on F^ stigmas is low, but seems to be high enough 
for fertilisation to occur, so that the exact reason why some egg cells are 
not fertilised is not clear. Some F^ and F^ plants show the same pheno- 
menon, but it is possible that, in the more sterile plants, an added cause 
for failure to give grain is that egg cells are non-functional, or that 
embryos abort, though there is so far no definite evidence on these points. 

There is a tendency towards suppression of pollen with intermediate 
chromosome numbers. It is almost certain that pollen grains with 
21 chromosomes are more favoured than those with 20, 19, and perhaps 
18 and 17; but it is less certain that those with 14 are more favoured 
than those with 15 and perhaps 16. 

Grain germination depends chiefly upon the chromosome composition 
of the endosperm. It is good if the extra chromosomes of the vulgare 
group are diploid or triploid in the endosperm, but bad if they are only 
haploid. It is possible that in some cases the chromosome composition 
of the embryo determines germination, but there is no definite evidence 
to this eflect. 

Nearly all plants of jPg and later generations belong to one of two 
groups: (1) with from 28 to 35 chromosomes, giving 14 bivalents -f- 0. . .7 
univalents; (2) with more than 35 chromosomes, and here the sum of the 
bivalents and univalents = 21 {e,g. IS bivalents -f 3 univalents). When 
plants with other combinations, which are called sterile combinations, 
appear {e,g, 15 bivalents; 18 bivalents + 2 univalents) they are dwarf and 
sterile or nearly so ; and it seems probable that plants which die before 
an ear is formed have a similar constitution. 

Self -fertilisation of plants with more than 35 chromosomes gives 
plants with an equal or greater number; while those with fewer than 36 
give plants with an equal number or less. These two facts are a conse- 
quence of the absence of the sterile combinations. 

There is evidence suggesting that in jPg from some crosses far more 
■.plants have 28 chromosomes than would be expected, and the dis- 
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crepancy is too great to be explained by sterility in any or all of its forms. 
Analysis of the available data suggests that this is partly due to a greater 
loss of chromosomes at reduction in the female than occurs in the male, 
and partly because univalents do not segregate quite at random in the 
homotype in the female — for the male there is no evidence against 
random segregation. But a different explanation has been suggested, viz. 
elimination of chromosomes in the early embryonic divisions. 

There appear to be several reasons for the rarity of the sterile com- 
binations of chromosomes. Loss of univalents at reduction helps to 
make them infrequent among the progeny of plants with less than 
35 chromosomes. In all cases they would be rendered less frequent by 
elimination of pollen with intermediate chromosome numbers, and this 
seems to be the most important factor in reducing their frequency among 
the progeny of plants with more than 35 chromosomes. 

Both of the factors suggested in the last paragraph would help to 
reduce their frequency in jFg • 

While these are the general principles that apply to the pentaploid 
hybrids it should be realised that their application in different cases is 
likely to vary. A factor that is important in one case may be less so in 
another. Thus, chromosome loss is likely to differ in frequency in different 
cases, and one extra chromosome may have considerable effect on pollen 
viability while another has little. In illustration, the difference between 
the two plants studied by Nishiyama (p. 220) should be noticed. 

(4) The oehetics of fentafloii) wheat hybrids. 

Pentaploid wheat hybrids have long been studied by plant breeders 
and genetic workers, since they are comparatively fertile; while hybrids 
of diploid with tetraploid or hexaploid wheats are almost entirely sterile. 
As might be expected, they have proved very difficult to analyse; and 
except for a few characters such as rough and smooth chaff or bearded 
and beardless ears, which give approximately 3 :1 ratios, the is 
almost impossible to classify. New characters and new types appear in 
proportions that do not suggest any simple Mendelian ratios. Some 
characters are found only in association with certain others, while most 
occur in so many intermediate forms that classification is hardly possible, 
and Jg makes the situation no clearer. In general, apart from sterility, 
the most striking features are the appearance of new and abnormal types 
in large numbers, and an increase in the variability of many characters, 
which are found in jPg beyond the limits set by the parent forms. Vavilov 
and Jakushkina (1925), describing crosses between and a 
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ninaber of wheats from the third group, besides commenting on the 
monstrous forms that appear conclude that "'decrease and increase in 
the intensity of the characters, comparatively seldom observed on 
crosses within the limits of one genetical group of species, in this case 
becomes a frequent occurrence.” Indeed the whole type of inheritance 
in such crosses is summed up by these authors as "JSTaudin” type, or 
""disharmonious,” segregation, as distinct from that of Mendel and 
Wichura ""peculiar to closer inter-species crosses.” But, though ratios 
are apt to be irregular, even in the case of the simpler characters for 
which the crosses can be classified accurately, it is, in my opinion, 
misleading to make such a distinction; and it has been shown that an 
accurate analysis of these crosses on Mendehan lines is possible, though 
difiicult. 

For economic reasons the crosses are important because of the frequent 
wish to transfer to vulgare, for example, a character that is most highly 
developed among 28 chromosome forms, such as rust resistance; and 
genetically they are interesting, not only for the apparently unusual type 
of inheritance, but also for the light they throw on the relationship 
between the two groups of species. The primary reason for their unusual 
features was provided, of course, by Sakamura’s discovery that the 
groups in question difier in chromosome number, and since then they 
have been studied by a number of workers. Since the gives 14 bivalents 
-{- 7 univalents it has usually been assumed that the 14 chromosomes 
from one parent have paired with 14 from the other, leaving unpaired 
7 specific chromosomes from the vulgare group parent; and for the 
present we will accept this. The members of the bivalents segregate 
normally, so that any characters determined by them alone should give 
the usual Mendelian ratios, and should be transferable from one wheat 
group to the other; but any character determined solely by the unpaired 
chromosomes should be confined to segregates with the high chromosome 
number, and therefore to the vulgare group, unless such a chromosome 
does occasionally pair with an Emmer chromosome. This reasoning has 
been apparent to most workers on the subject; but systematics teaches 
us that very few characters are actually associated with chromosome 
number, so perhaps few characters will prove to be determined only by 
the impaired chromosomes, and the reasoning in question may have only 
a limited application. 

What is certain is that, as in systematics so in the hybrids, there is 
association between chromosome number and type. This is different from 
an association of chromosome number with single characters, and may 
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have a somewliat different significance, but the two phenomena must to 
some extent be dealt with together, since some authors have insufficiently 
distinguished between them. 

Sax (1923) made aceto-carmine counts for 15 and 46 plants 
from durum x vulgare. The numbers given are the sum of the univalents 
and bivalents, since it was often found difficult to distinguish these, and 
vary therefore from 14 to 21; '‘it was also difficult in many cases to get 
the chromosome count more accurate than ±1’’ and "the few plants 
with counts of 15 or 20 were classed as 14 or 21 respectively.” The method 
then was to work out the correlation (expressed as a correlation co- 
efficient) between chromosome number and the characters "head type,” 
"keel shape,” "spikelet shape,” "head shape,” "diameter of culm,” 
and "rust resistance”; the material being 38 F^ plants, from 26 families, 
and classification usually into vulgare, intermediate or Bmmer. It was 
found that all five characters were highly correlated with chromosome 
number and it was therefore thought that "the 7 additional chromosomes 
of the vulgare parent determine the distinguishing characters of the 
vulgare wheats”; but as L. A. Sapehin (1928) has pointed out, though 
perhaps too sweepingly, "there are no particular species characters. 
Therefore the view that in the univalent chromosomes are contained 
some specific genes of vulgare, is erroneous.” We shall see later that many 
of the characters are probably affected by both paired and unpaired 
chromosomes. 

Sax and Gaines (1924), working on durum x vulgare, besides giving 
evidence that some characters segregate normally and others do not, 
studied chiefly the practical problem whether important economic 
attributes of different groups can be combined. They regard this as 
difficult, but not impossible. An interesting conclusion is that characters 
are associated more closely in crosses that are more sterile than in those 
that are relatively fertile; but, in my opinion, we know too little about 
the mechanism of sterility or of inheritance in these crosses to explain 
this properly, 

Eihara (1924) has given a number of observations on the association 
between type and chromosome number. In polonicum x Spelta, toi 
example, he found that 42 chromosome progeny were of Spelta or Spelta- 
like type, and 28 chromosome progeny oi polonicum or po?omct^m-like 
type; and in general "Der Habitus der 28-chromosomigen Nachkommen 
dieser pentaploiden Wemenbastarde ahnelt meistens mehr oder weniger 
dem Emmertypus, wahrend 5ie 42-chromosomigen typischen oder 
annahernd typischen Dinkel-Habitus besitzen.” 
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Association between cbromosome number and resistance to rust tas 
been dealt with by Tocbinai and Kibara (1927); tbe observations re- 
ferring principally to Puccinia triticina and to a less extent to P. graminis. 
For the cross resistant durum x susceptible vulgare 80 accurate 
counts were made, principally in P 4 , tbe majority giving 28 cbromo- 
somes; counts were made through all stages during the maturation 
division, especially in the metaphase and anaphase of the first division, 
and if these counts did not coincide with one another, the chromosome 
number of these plants was regarded as unknown.” Usually 28 or 29 
chromosome plants were in differing degrees resistant, but were occasion- 
ally susceptible; and all plants with high chromosome number were 
susceptible: In another cross, moderately ^resistant polonicum x sus- 
ceptible Spelta, the 42 chromosome segregates were stated to be far more 
susceptible than the susceptible parent. It was concluded that resistance 
to rust is ''weakened by the presence of genes existing in” the extra 7 
chromosomes from the vulgare group parent. Morphological characters 
were also said to be associated with chromosome number in durum 
X vulgare but no details were given except that "pithiness of straw does 
not ever occur in the plants belonging to the ^ Vermehrungsgruppe.’” 

Thompson (1925) observed 13 characters in durum x vulgare, each 
character being put into one of five classes from V {vulgare) to D {durum), 
and each having some systematic value. The plants fell into three 
classes: (1) with chiefly V and few or no D characters, (2) with chiefly 
D and few or no V, (3) with approximately equal numbers of D and F; 
class (3) showing high sterility, classes ( 1 ) and ( 2 ) much less. That the 
characters were associated was concluded partly from correlation 
coefficients; and partly because the plants in class (3) were very few in 
comparison with the expectation from random assortment of 13 characters. 
The strongest association was between characters "which are always or 
nearly always characteristic of the species.” It is, perhaps, doubtful 
whether as many as five classes are advisable for a character such as 
bearded or beardless which depends upon a single factor, but there is 
no doubt that the number of plants found in class (3) was surprisingly 
small. The possibility of ordinary linkage was not, unfortunately, con- 
sidered; and there is no doubt that much of the association between 
characters came from this cause. The characters "compactness,” "keel,” 
"glume shape,” "collar” and "beards” are all linked completely or 
partially (Watkins, 1928); and it is probable that the character "middle 
tooth” is affected either by one of these factors or by another belonging 
to the same linkage group. Nevertheless, some of the association must 
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be due to otter ptenomena; and it was found in fact, from a number of 
approximate counts, that many of the characters were associated with 
chromosome number. The counts are given as numbers from 14 to 21, 
and unfortunately their meaning is not explained except that they were 
made ''in many cases at both heterotypic and homot37piG division.” 
Special attention was paid to rust resistance (the durum parent being 
more or less resistant and the parent susceptible), which was 

found to be strongly correlated with durum characters; but it appeared 
to be possible to transfer the character from one species to the other 
since three vulgar plants were resistant; though less so than the 
durum parent. Recognising the difficulty of finding characters that 
distinguish the species absolutely it was concluded that to zmipx vulgare 
characters to the vulgare chromosomes was too sweeping. 

In turgidum X vulgare bIso (Watkins, 1927 a) although few characters 
define the species, and valuable characters such as the presence or absence 
of a keel can be transferred by crossing, it was concluded that a relation 
between type and chromosome number was quite definite. It was 
pointed out that one reason for this is that a character such as solid or 
hollow straw may be associated with chromosome number in the cross — 
only hollo w-stra wed 42 chromosome types being extracted — despite the 
fact that solid strawed vulgar e wheats exist; and it is probably often the 
case that a character which is rare in one group, though not quite absent, 
and common in the other cannot usually be transferred by crossing. 
Grosses between and vulgare gave (1) plants with more than 35 
chromosomes, of vulgare type and having only vulgare type offspring, 
and (2) plants with 35 chromosomes which, like the J?i, have offspring 
of turgidum and of vulgare type; on the other hand, crosses between 
and turgidum gave (1) mostly plants of turgidum type which have only 
turgidum type offspring, and (2) a few 35 chromosome plants as before. 
Given an association between chromosome number and type, this 
behaviour will be readily understood from what has been said about the 
cytology of these hybrids. It was also concluded that 14 chromosome 
pollen carried mainly turgidum characters, and 17-21 chromosome pollen 
mainly vulgare though the characters to which this com 

elusion refers were actually few— solidity of straw, ear density, and 
various features of the glume shape— and the number of plants examined 
was small enough to admit the possibility of exceptions. 

The results described have dealt with two separate phenomena: the 
association of chromosome number with single characters; and the 
association between chromosome number and tjrpe, or shape, that is with 
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the way in whicli cIiaractGrs ar6 conibiiiGd.. That the distinction is 
important can be illustrated by the cross tuTgiduM x vulgcife (WatkinSj 
1927 6). In this cross the single pair of characters keeled or rounded 
glume has no association with chromosome number, either being readily 
transferable from one species to the other; but if the keeled character 
is taken from turgidum. to vulgare various other characters go with it, 
and produce a special type— the type speltoid with thick tough glumes 
and a number of other characters — ^which is associated with the high 
chromosome number of vulgare. Thus the character keeled glume is not 
associated with chromosome number itself but it gives, in conjunction 
with other characters, different t 3 rpes of glume which are so associated. 

Of single characters, resistance to rust graminis or P, triticim) 
has been studied most; and it seems that in general the cross resistant 
28 chromosome x susceptible 42 gives resistant 28 and susceptible 
42 chromosome segregates, probably with occasional exceptions (Tochinai 
and Kihara, 1927 ; Thompson, 1925; Hayes, Parker and Kurtzweil, 1920; 
Aamodt, 1927). No doubt this is most easily explained by assuming that 
the extra chromosomes carry a factor which increases susceptibility; 
and that the exceptions arise from occasional pairing between this 
chromosome and an Emmer chromosome. There may be a few other 
characters, e.g. solid and hollow straw, which behave in similar fashion 
in some crosses (Thompson, 1925; Watkins, 1927 a), but in general this 
type of behaviour is probably rare, and caution must be used in drawing 
conclusions from it. 

The clear association between chromosome number and type or 
shape — combinations of characters — forms an interesting genetical 
problem; but unless care is taken it may give us misleading views on 
inheritance. It is true that species are types, so that there is a natural 
tendency in species crosses to try and work out the inheritance of types 
rather than of single characters; but this will almost certainly lead to 
errors unless the greatest care is taken over classification — ^indeed errors 
of this sort occur in the literature under review. In any case we cannot 
tell without further evidence whether the association is the result of 
sterility, in some form or other, or whether, and to what extent, it is 
due to the factors carried by the extra chromosomes ; nor can we conclude 
that certain characters are determined by the extra chromosomes alone. 

Before dealing with these crosses from a somewhat different angle 
we must describe one further case which shows certain special features: 
the cross dicoceum x vulgare (Thompson and Hollingshead, 1927) 
referred to already. We saw that in this cross there is a preponderance 
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of low cktoniosome niimbers in F^—out of 28 plants counted no less- 
ttan 6 having 28 chromosomes and only 2 having more than 36— and 
would therefore expect, as proved to be the case, a large preponderaEce 
of dmecum-like segregates. Observations were made on 20 pairs of 
single characters of which a few referred to shape. It was found that 
they fell into two classes: (1) 6 characters in which nearly all the segre- 
gates resembled dicoccum; (2) 14 characters in which the segregates 
might resemble either parent. The characters in the first class were said 
to be of taxonomic importance, while those in the second were mostly 
not. The results do in fact show striking differences in the way the 
characters behave, though the distinction between the two classes is 
not very sharp; but it does not seem to me altogether certain that there 
is a difference in the systematic value of the characters in the two classes. 
It might perhaps be concluded from the results that characters in class 

(1) are determined chiefly by the extra chromosomes, and those in class 

(2) chiefly by the segregating chromosomes ; but this would not be correct. 

^ Conditions not existing in either parent, for example, the middle tooth 
prolonged into a short awn, or a pointed lateral tooth, were found in a 
few segregates. The condition was classed as that which it resembled 
most.” These characters must have depended upon more than one factor, 
and therefore may have been affected by both paired and unpaired 
chromosomes. 

We will now consider the question of a factorial analysis, taking 
turgidum X vulgare (Watkins, 1927 6). It will be realised that the 
problem is diflS.cult, but an exact analysis is theoretically possible since 
the back-cross ^ F^x 28 chromosome, at any rate in many cases, 
gives no appreciable disturbance from sterility: all the egg ceils are 
fertile; and ail the grains germinate and give mature plants. The general 
type of inheritance is best illustrated by the characters waxy and 
waxless. In the cross in question both parents were waxy, but waxless 
plants appear in F ^ . All such plants are of turgidum type. $ crossed 
back to turgidum gives all waxy plants, waxy being dominant, but of 
these only half breed true to waxy while half split up into waxy and 
waxless; showing that the is heterozygous for a single pair of factors, 
W and w, for waxy and waxless. On the other hand, F^ crossed back to 
gives only waxy plants which breed true to waxy, showing that 
the extra chromosomes of vulgare introduced an additional waxy 
factor W'. It will be convenient to consider the case in greater detail 
(Diagram 2). The explanation suggested was that the turgidum parent 
was (WW), the vulgare parent (ww) W'W', and the Fi (Ww) W'; where 
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factors enclosed in brackets are carried by cbromosomes that pair and 
segregate normally in tbe and W' is carried by one of tbe unpaired 
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In J*! X mlgare {ww) IF' bas more than 36 chromosomes; most of its progeny are {a) or (&), and (c) is 
the sterile combination. If {ww) W* had less than 35 chromosomes most of its progeny would be (6) 
or (c), and (o) would be the sterile combination. 

Diagram 2* Inlieritance of waxy and waxless foliage in vulgare^ 

(ww) WW X (WW). 

chromosomes; and it will be seen from the diagram that the experi- 
mental results given above will follow from this formula. If pairing 
between W and w is regular, the J*! gametes will be formed in the 
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proportion 1 (wW' + w) : 1 (WW' + W), and x turgidum will give a 
1 : 1 ratio as observed. TMs ratio would be disturbed if pairing is not 
regular. The ratio obtained by selfing (Ww) W' would depend upon how 
often the univalent chromosome carrying W' is lost and related causes. 
It will be noticed that the zygotes (ww) W' behave differently according 
to whether they have less than 35 or more than 35 chromosomes. In the 
former case a complete set of 7 extra chromosomes is not present, so 
that (ww) W'W', in which the extra chromosome W' is bivalent, would 
be a sterile combination. In the latter case some of the extra chromo- 
somes are bivalent and all 7 must be present for a fertile combination 
to be formed, so that (ww) would be a sterile combination. 

The numbers actually found for the ratio waxy : waxless in crosses 
between J’l and turgidum were 17 : 17, and since they are small we cannot 
deduce that pairing between vulgare and turgidum chromosomes was 
perfectly regular; but for the characters keeled and rounded glume 
bigger numbers are available, 35 : 34 (Watkins, 1928), so that a fair 
degree of regularity can be assumed. It will be realised, however, that if 
autosyndesis occurred W' would pair with w, W would remain unpaired, 
and a 1 : 1 ratio would again be obtained. It is clearly difficult to decide 
between the two possibilities, and further study is to be desired. The 
question cannot profitably be discussed in detail here but it may be 
stated that the available evidence — ^the 1 : 1 ratio, taken in conjunction 
with the rarity of trivalent chromosomes (Kihara and Nishiyama, 1928), 
and the fact that the parent forms are regained in a high proportion of 
cases after back-crossing (Watkins, 1927 a)— suggests that allosyndesis 
is usual in these crosses. 

Waxless durum wheats are common in cultivation, and crossed with 
mlgare would probably give only waxless durum and waxy vulgare 
segregates. In this cross, therefore, the character waxless would be 
associated with durum although not characteristic of that species. 

Although the inheritance of waxy and waxless was not worked out 
in as much detail as could be wished, some such formula as the one put 
forward seems fairly certain. A similar formula was suggested, but on 
less certain evidence, for the characters resistance and susceptibility to 
Puccinia glumarum — ^namely, parent wigrare = (pp)P'PV and parent 
turgidum == (PP)— and again in a further case that must be described 
in detail. Waxless is an example of a new character which fixst appears 
in J ?2 and is confined to segregates with a low chromosome number. The 
case to be considered now is the appearance of two new types, one 
confined to segregates with a low chromosome number, and the other to 
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those with a high one (Watkins, 1927 6, 1928) ; the principal characters 
involved being the glume keel, glume thickness, and laxity of ear. It was 
first thought (1927 h) that all the characters were controlled by a single 
factor K, but the later view (1928) — that K might represent a group of 
completely linked factors — ^now seems to me more probable. The 
turgidum parent, which has a keeled glume of normal thickness and a 
moderately dense ear, has the formula 28 chromosomes-KK; and the 
vulgar e parent, with round glumes of normal thickness and an ear that 
is also moderately dense, the formula 42-kk; where K gives the keel to 
the glume, increases the thickness of the glume, and increases the laxity 
of the ear, and k is its allelomorph. By crossing, we obtain the two new 
types 42-KK and 28-kk; the former being the type known as speltoid— 
a vulgare type with a lax ear and thick, keeled, glumes that are only 
pulled away from the grains with difficulty; while the latter is a very 
dense-eared turgidum with thin, rounded glumes. The evidence for this 
interpretation seems conclusive. Speltoid (42-KK) x vulgare (42~kk) 
gave a 1:2:1 ratio in s^eltoidi x turgidum (28-KK) gave only 
keeled plants — speltoids, turgidum^ and a series of intermediates between 
them; and turgidum x vulgare F^ (35-Kk) gave a 1 : 1 ratio for K:k 
when crossed back, to turgidum. Finally, by comparing the types 28-kk 
and 42-kk, or 28-KK and 42-KK, and by other similar evidence (Watkins, 
1928), it was concluded that the effect of the extra chromosomes was 
like that of K itself; and it was therefore suggested that one of them 
carried a group of linked factors, K', similar to K. The formulae of the 
turgidum and vulgare parents would therefore be (KK) and (kk) K'K' 
respectively (see also later, p. 239), 

Apart from the fact that the keel of the glume has some value in 
systematics, the interest of the case is first the explanation it gives of 
the appearance of two new types, each associated with a different 
chromosome number. Secondly, that owing to the great differences 
between round glumed turgidum and vulgare, or between turgidum and 
speltoid---differences that are no doubt largely due to the extra chromo- 
somes — it could not have been predicted from the appearance of the 
two 28 chromosome forms that the genetical difference between them 
was the same as that between the two 42 chromosome forms ; and it was 
suggested that, in general, the variation within allied species may often 
be due to similar genetic differences even when this is not at first 
apparent. It should be mentioned that the dense-eared, round-glumed 
turgidum or durum types that come from crossing these species with 
vulgare have often been erroneously referred to in the literature on such 
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crosses as compactum types, or as dense-eared vulgar e types; the reason 
being that a rounded glume is not usually found in wheats of the Bmmer 
group,' 

Later (1928), formulae were suggested to express the relation of the 
mlgm and turgidum forms to other wheat types. In addition to k, K 
and K', the formulae involved Kg, which was related to k and K as if 
the three were multiple allelomorphs, hut it was considered possible that 
each was really a group of linked factors. 

From the results just given we can follow the general principles of 
inheritance in these crosses; but a disadvantage of the method is that 
only a small number of plants could be studied, so that exceptions 
and complications may have been missed. This contrasts with the 
work of the Sapehins (1928)^ who continued to a durum x mlgare 
consisting of 284 plants, several hundred thousand plants being examined 
in all. The method of investigation was to study separately the durum-like 
and vulgar e-like segregates for a number of generations; classification 
being carried out by comparing each individual with a standard scale 
of ear types (A. A. Sapehin, on vulgare-like plants)^ or glumes (L. A. 
Sapehin, on durum-like plants). In the scales were 35 and 61 types 
respectively. Simple Mendelian segregation was observed, but segre- 
gation occurred mostly in regard to types, to complexes of genes.’’ 
Apparently, a factorial analysis was not attempted; but since the types 
were followed for several generations considerable insight into the 
principles of segregation was gained. 

It was found that many characters could be transferred from one 
species to another; for instance glume characters, as noted above (p. 236). 
Presumably, from the results of other workexa-^e ’ ^,rved transference 
of characters such as rust resistance and hk, was only of rare 

occurrence, but this is not stated. Segregates coffibming certain valuable 
properties with the general features of vulgar e were obtained. 
As we have mentioned, many of the characters segregated in linked 
groups; thus, when the segregates were classified by glume shape 

it was found that many characters went with this feature. But '^the 
presence of rare exchanges makes us suppose that every such com- 
bination of characters depends on several genes closely linked with one 
another.” Only combinations of characters were associated with 
chromosome number. 

These results support the possibility that k, K and Kg , mentioned 
above, are actually groups of linked factors. 

W e are now in a position to draw certain conclusions about inheritance 
Journ. of Gen. ^ 16 
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in these crosses. First, some characters, such as hollow straw and rust 
resistance, are usually associated with a high or a low chromosome 
number. Others— even important features of the glume shape— are 
easily transferred from one species to another. Secondly, new characters 
appear, and there is a general tendency for variation to exceed the limits 
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Diagram 3. ^ Example of the association of type with chromosome number. The character 
determined by X is transferable from one species to another. But the type is associated 
with chromosome number, since the 42 and 28 chromosome segregates will dijffer by 
Z if both are xx, and by F if both are XX {vulgare chromosomes shaded). 

set by tbe parents. Thirdly, many characters segregate in groups, and 
these groups are probably determined by groups of factors, since an 
occasional separation of the characters has been reported. Finally, there 
is a definite association between chromosome number and type, t.e. 
combinations of characters. 
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All these facts evidently agree with the factorial composition deduced 
above (p. 233), namely, that the paired and unpaired chromosomes 
carried a similar series of factors, turgidum gametes carrying and 
mlgare The former species being tetraploid and the latter hexa- 
ploid we should expect them to contain, respectively, two and three 
similar series of factors; and if this is so the formulae should be A 1 A 2 
and A^asAs . Introduction of the third factor is not necessary to explain 
the results but is preferable for the reason just given. We will assume 
throughout that As is carried by an unpaired chromosome. Then in the 
cross %% X a^a^As the character determined by these factors would be 
associated with chromosome number absolutely unless there is occasional 
pairing between As and another chromosome. 

In aiAs X a^a^as the character would be transferable. 

In aiA^ X aia^As we should obtain the new character given by 
In the same cross we should obtain a^A^As which the character might 
be more highly developed than^in either parent; and there would be 
similar occurrences in most of the possible crosses, A^a^ x A^AsCis- 
Finally, if Ai, etc: represent different groups of linked factors, e.g. 
Ai ~ wXyz and As = WXyZ, etc., we shall have an association between 
type and chromosome number. This was actually worked out of course 
in the case of the new type speltoid, where the cross K x kK' gave the 
new types k and KK'. If K and K' are different all four types would be 
associated with chromosome number. An illustration of such a case, 
wherein the combination of characters is associated with chromosome 
number although the individual characters are not, is given in Diagram 3. 
If X and X in the diagram represent the characters keeled and round then 
these characters are transferable; but the two round glumed types (round 
glumed turgidum and parent vulgare) will differ in other characters, as 
will the two keeled types (parent turgidum and speltoid). The characters 
actually involved are ear density and glume thickness, but at this stage 
these characters cannot be defined factorially since the available evidence 
refers only to the groups A^ and As, and A^ requires to be known as well. 

The formulae found for the characters waxy and waxless, and for 
keeled and rounded glume, therefore explain the general features of 
inheritance in the crosses we have been considering. The crosses will have 
to be wmiked out much more fully, and some characters may prove to 
be inherited in a different manner, but it seems fairly certain that many 
characters are inherited along some such lines as those suggested. 
A method of attack has been pro'Vided, but complications probably exist. 
We can also understand more clearly why members of the different 

', 16 - 2 ':; 



240 


The Wheat Species: a Critique 

groups are usually distinguished by differences in degree rather than 
kindj or by the way in which characters are combined. 

(5) The oeigin of speltoid mutants. 

Speltoid mutants appear sporadically, as mutants or as chimaeras, in 
cultures of T. mlgare; and are interesting from their curious genetic 
behaviour as well as from the theories suggested to explain their origin. 
Their genetics, and that of the related forms, is very complicated and 
it will probably be best to discuss them in relation to Winge’s theory 
(1924) that they arise from the irregular pairing of chromosomes at 
reduction. Winge pointed out that the gametes of the hexaploid 
r, vulgare should be regarded as having 7 4-7 + 7 chromosomes, of 
which one set of 7 is not very different from another. If a chromosome 
from one of these sets be called A, then the other two sets will contain 
chromosomes B and C not very different from A, Considering only these 
chromosomes, that is one from each set gf 7, vulgare will have the formula 
and it is suggested that, because of their similarity, B and G may 
sometimes pair at reduction instead of B always pairing with B and 
0 with 0, as they should; so that would form the new gametes 
ABB and ACC. The former meeting the normal gamete ABC, would 
give which, it is supposed, is the mutant form, the heterozygous 
speltoid. 

In support of this view Winge found that, in a heterozygous speltoid 
with 42 chromosomes, but not in the normal form, a trivalent and a 
univalent could be seen. These, he considered, were BBB and C. In the 
homozygous speltoid, which would be , he gave evidence that a 
quadrivalent chromosome is sometimes formed. Since, however, hetero- 
zygous speltoids may split up into the three types, normal, heterozygote 
and homozygous speltoid, in widely different ratios, he supposed as well 
that in some strains the univalent G might be lost frequently and only 
rarely in others; and, again, that in some strains pollen carrying ABB 
might tend to be eliminated. The formation of 41 chromosome hetero- 
zygotes was also envisaged. In discussing the experimental results 
in the light of Winge’s theory, the great difl&culty is that the genetical 
and cytological investigations have been carried out independently, with 
the single exception of Huskins’ (1927) work on the analogous problem 
of the fatuoid mutants that are found in the hexaploid oat A. saliva, and 
even here the correlation is not yet completely worked out. 

In Huskins’ work the most striking feature is the demonstration that 
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the heterozygous fatuoid may have 41, 42 or 43 chromosomes, and will 
give different ratios accordingly; so that Wingers subsidiary assumptions 
to account for the aberrant ratios are in some cases unnecessary. In his 
type 1 Huskins found that the normal, heterozygous fatuoid, and homo- 
zygous fatuoid all had 42 chromosomes. The reduction divisions of the 
normals were rather more irregular than those of normal varieties, in 
that univalents were occasionally seen, but 21 bivalents were usual and 
trivalents were not observed. The heterozygotes could have 1 trivalent 
+ 1 univalent, but it was only rarely that both of these could be seen in 
a single cell because of the difficulties of observation. Oat chromosomes, 
like those of wheat, are large and tend to obscure each other. In the 
homozygous fatuoids a quadrivalent was probably frequent, but it was 
usually not possible to establish its presence certainly. As would be 
expected, the heterozygotes of this type give approximately 1 : 2 : 1 
ratios, but the ratios are somewhat irregular. 

In types 2 and 3 the heterozygote has 41 chromosomes, which give 
20 bivalents -f 1 univalent at meiosis, and must be regarded as 
The normal has 42 chromosomes, The homozygous fatuoid has 
40 chromosomes, which may give 20 bivalents at meiosis, but the 
divisions are usually rather irregular. It only occurs in small numbers 
and is weak and sterile, being a sterile combination (see p. 208) with the 

An 

formula As would be expected, each type gives fewer normals than 
heterozygotes, the ratio being in one case about 1 : 1*5 and in the other 
about 1:4. 

In type 4 the heterozygote has 43 chromosomes, which usually form 
20 bivalents 4- 1 trivalent but may give 21 bivalents + 1 univalent. It is 
regarded as The normal has 42 chromosomes that pair regularly. 

The homozygous fatuoid has 44 chromosomes and is dwarf and sterile, 
being presumably . Its divisions are pther irregular, but it was 
sometimes possible to count 22 bivalents and sometimes 20 bivalents 
+ 1 quadrivalent. The strain gave about 8 normal : 19 heterozygotes : 8 
fatuoids. The results are too limited for this ratio to be discussed, but 
probably it approaches 1 : 2 : 1 because an extra chromosome has less 
disturbing effect than a missing one. 

In these results the cases where the fatuoid type is associated with 
the gain or loss of a whole chromosome seem convincing; and though 
the first case, type 1, is clearly jnuch more difficult to establish, there 
seems no doubt that the chromosome behaviour is different in the three 
types — ^normal, heterozygote and fatuoid— and the interpretation given 
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by Wiiige and Hnskins probably contains a good deal of truth. Huskins 
has attempted (1928) to explain Nilsson-Ehle's speltoid results (1920, 
1921 ) along similar lines, but before considering these, and the work of 
Lindhard (1922, 1923, 1927) and Ikerman (1920, 1923, 1927), some 
preliminary explanations are called for. 

The characters speltoid and bearded are associated; beardless hetero- 
zygotes giving nearly always only beardless normals, beardless hetero- 
zygotes, and bearded speltoids; but a crossing-over of about 27 per cent, 
has been observed on rare occasions (see p. 247). Presumably the factors 
involved are carried by the same chromosome, and on the theory outlined 
above the beardless normal, carries beardlessness (the dominant) 
in chromosome C, which may be representedr as n orm., 

some B being . Since the 41 chromosome heterozygotes 

segregate because of the segregation of a whole univalent chromosome, 
complete linkage between the characters bearded and speltoid must 
follow. But in the 42 chromosome heterozygote, B can pair 

with 0 and the linkage in question should no longer be complete. 
It is possible, too, that an occasional cross-over might occur in the 43 
chromosome heterozygote since the divisions in this form are somewhat 
irregular, and a trivalent may be formed. 

The considerable body of genetic work carried out by Nilsson-Ehle 
and Lindhard was done entirely without reference to cytology, and 
interpretation is therefore difficult. The 42 chromosome strains should 
usually be distinguishable from those with 41 or 43 by the homozygous 
speltoids, which should be vigorous and fertile in the first case, weak 
and sterile in the second. Unfortunately, these details do not appear 
always to have been given. Furthermore, the ratios found have probably 
often been distorted by winter-killing: Akerman mentions a survival rate 
of about 30 per cent., Lindhard (1922, 1927) rates from 17 to 77 per cent. 
The latter has shown too (1922) that winter-killing falls more heavily, 
in some strains, on homozygous fatuoids than on normals; while ''In 
anderen Linien kann wiederum der Vulgare-Typus der schwachlichere 
sein” (1927). Though it is evident from the results that many of the 
distinctive features of the splitting ratios are not due to winter-killing, 
there are yet many cases in which uncertainty is inevitably introduced 
thereby. Finally, Lindhard (1922) has also concluded that natural 
crossing takes place occasionally: as might be expected from the fact 
in 41 and 43 chromosome strains the heterozygotes would be 
p^ltially sterile and the homozygous speltoids still more sterile. Granting 
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that crossing is the correct explanation, the cases in question can usually 
be picked out but uncertainty exists in a few instances. 

On the basis of the ratios in which they segregate, Nilsson-Ehle (1921) 
has divided his speltoids into three types, A, B and C. In type ^ the 
ratio approximates to 1:2:1 but the homozygous speltoids are in 
defect; 42 normal : 81 : 29, and 60: 81 : 15 (1921, Tables II, XIV); 
and the homozygous speltoids are, as expected, ^‘verhaltnismassig 
zahlreich und starkwachsend.’’ A strain of this type examined by 
Huskins (1928) was found to have 42 chromosomes in each of the three 
forms and split up into 14 normal :-21 : 9. We can be fairly confident 
that the cases cited by Mlsson-Ehle as belonging to this type really 
have 42 chromosomes; bijt, nevertheless, contrary to expectation, 
linkage between the bearded and speltoid characters is complete in 
every case. Nilsson-Ehle considers that the departure from a ratio of 
1 : 2 : 1 is caused by a partial elimination of pollen carrying the speltoid 
character. 

Heterozygotes of type B give very few homozygous speltoids, and the 
heterozygotes are more numerous than would be expected on a 1 : 2 : 1 
basis; e.p. 12 normal : 53 : 1 (see 1921, Tables IV-IX). The progeny of 
a large number of heterozygotes contained about 1 per cent, of homo- 
zygous speltoids ; a further type, sub-compactum, was found almost as 
often, and an awned speltoid heterozygote less frequently. In several 
strains Huskins foimd that the normals had 42 chromosomes and the 
heterozygotes 41. The latter formed 20 bivalents + 1 univalent, and 
were given the formula . This evidently agrees with the ratios found 
for heterozygotes of this type. Since the univalent is sometimes lost 
20 chromosome gametes would be formed more often than 21 ; and almost 
certainly (p. 226) 21 chromosome pollen would be favoured at the 
expense of that with 20. The ratios would be expected to fluctuate, as 
they do, and an excess of 41 over 42 chromosome progeny would be 
expected. But such a great defect of the sterile combination, the 40 
chromosome bearded speltoid, suggests that elimination of zygotes may 
possibly have been a factor in addition to those discussed earlier (p. 226) 
-“loss of univalents and pollen sterility— -which is not unlikely in view of 
the probable losses from winter-killing. The complete linkage between 
beardless and normal agrees with expectation. The occurrence of a few 
bearded heterozygotes may be due to natural crossing or to a pairing 
between chromosomes B and^O accompanied by crossing-over, as 
explained later (p. 248). The sub-compactum type will not be dealt with 
here beyond what is said on p, 250. 
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The heterozygotes of type G (1921^ Tables X~XII) again give very 
few homozygous speltoids but give more normals than heterozygotes; 
or sometimes approximately equal numbers of the two classes* e,g, 
61 normal : 45 : 2, or 61 : 61 : 3. In most cases the three types. A, B and C, 
are easily distinguished by their difierent ratios; but occasionally, as 
Xilssoii-Ehle points out, a ratio may leave the matter doubtful, e.g^ 
102 : 188 : 1. In two strains examined by Huskins which split in ratios 
of 48 normal : 67 : 0 and 40 : 48 : 2, the normals had 42 chromosomes 
and the heterozygotes 43, while 1 homozygous speltoid had 44 chromo- 
somes. The heterozygotes sometimes gave 20 bivalents + 1 trivalent, but 
the divisions were somewhat irregular. Their formula is presumably 
^ABG ' normal, out of four examined,^ had only 41 chromosomes, 
and must be presumed to lack a chromosome that has no influence on 
the speltoid character. The ratios found are again what might be expected 
from the cytology of the heterozygote; and there is again complete 
linkage between beardless and normal, except for the occasional pro- 
duction of awned speltoid heterozygotes and awnless speltoid homo- 
zygotes, which might have originated as indicated above. 

All three types, 4, B and C, can originate as mutants from normal 
plants, and in 1921 Nilsson-Ehle stated that five of each type had been 
found. On the chromosome view they originated when a normal plant 
, through irregular divisions, gave gametes ABB, AB or ABOB. He 
also found that a heterozygote of type C (43 chromosomes) could throw 
one of type B (41 chromosomes) ; a line throwing excess of normals 
suddenly giving a plant that throws excess of heterozygotes (see especially 
1920, Table II). On the chromosome theory this is not unexpected, 
since the rather irregular divisions of the 43 chromosome heterozygote, 

, might easily give a 20 chromosome gamete AB. Nilsson-Ehle 
observed this several times; but he also concluded, though only on two 
occasions out of 260, that type B could give type C (1921, Table VIII, 
no. 1917-384, and Table XIII, no. 1920-514). This is less likely on the 
chromosome theory since it demands that the 41 chromosome type 
should have given a gamete ABCB, which though not impossible seems 
unlikely- It should be pointed out, however, that the first of the two 
exceptional C lines out of B contains two sub-compactum plants, and 
the other type C families (Tables X-XII) contain none. 

A great amount of valuable data has been given by Lindhard (1922, 
1923) who carried on for a number o^ years the progeny of a single 
mutant that appeared in 1914. The original heterozygote gave 18 normal 
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(called squarekead by Lindhard) : 54 beardless heterozygotes : 2 bearded 
heterozygotes. Except that tke normals were larger and stronger than 
the heterozygotes there is no evidence as to whether the latter were 41 or 
42 chromosome forms, since the ratio might conceivably have been given 
by either. Lindhard suggests that the two bearded plants arose from 
natural crosses, and throughout the experiments occasional aberrant 
forms appear to have come in this way. The uncertainty that may arise 
from winter killing has been referred to already, and it should be pointed 
out that in one winter, which was very severe, the survival rate was 
only 10 per cent. Lindhard himself showed that a true ratio of about 
1 normal : 8 heterozygotes could sometimes become about 1 : 5. With 
very few exceptions, whic^ are given below, all the lines continued to 
split in the ratio of about 1 : 5 or 1 : 8 heterozygotes plus a few ''com- 
pactum type.’’ Homozygous speltoids were not obtained. This suggests 
that they were all of type in which the heterozygotes have 41 chromo- 
somes; and that the sterile combination, homozygous speltoid, has been 
completely eliminated. This view agrees with the fact that $ hetero- 
zygote x <J normal gave a ratio of 14 normal : 195 heterozygotes though 
the number of normals is rather low; and is not inconsistent with the 
ratio lOS normal : 0 heterozygotes for the cross $ normal x cjhetero- 
zygote, though complete elimination of 20 chromosome pollen is 
surprising. On the other hand, in a few exceptional cases, these 1 : 5 lines 
threw 1 : 1 lines (1923, Tables II and XX); and if both ratios are to be 
explained on Huskins’ theory this demands the unexpected throwing of 
a 43 chromosome heterozygote by one with 41 chromosomes. In one 
case an original 1 : 5 line gave a family splitting in the ratio 1:1. The 
heterozygotes of the latter continued to split in this ratio except for one 
plant which changed back to 1 : 4, and this ratio was continued except 
by one plant, which went back yet again to 1 ; 1. Lindhard suggests that 
the latter cases may have been caused by natural crossing between lines 
of different type. 

We must now turn to the homozygous speltoids, which appeared 
m Lindhard’s cultures on three separate occasions. In the first case 
two heterozygotes from a line splitting in the ratio 15 : 65 gave 9 
normals : 63 : 14 homozygous speltoids and 6 : 44 : 51. These ratios 
suggest that the two heterozygotes were 42 chromosome forms, and this 
is supported by the high weights of the homozygous speltoids split off, 
since if the latter had come from a line of JB or 0 type they should have 
been small and nearly sterile. The original line suggests 5 type, however, 
so that a 41 chromosome heterozygote must have given two 
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42 ctroniosome lieterozygotes a quite possible contingency. In 
the second case a family of 71 : 474 contained one plant differing some- 
what from the rest and giving 2 : 15 : 2 homozygous speltoids. The latter 
being frail, dwarf-like, and of low fertility, were almost certainly 40 
chromosome plants, so that their origin needs no special comment beyond 
the fact of their parent plant having differed from the rest of the family. 
The third instance need not be given here. 

Apart from a few cases to which attention has been called, we can 
conclude that Lindhard’s results agree with the supposition that his 
original mutant was of the 41 chromosome type, and continued to split 
in the expected fashion, but gave occasionally 42 and perhaps 43 chro- 
mosome lines. It is, therefore, surprising that the line examined by 
Winge (1924) was found to have 42 chromosomes instead of 41. 

In a later paper (1927) Lindhard gives the results obtained by 
continuing the line in which homozygous speltoids were first found. It 
will be recalled that this appeared to be a 42 chromosome line. The ratios 
form an almost continuous series from 1 : 5, which we have called type B, 
to 1 : 2 : 1, type A ; e.g. 29 : 146 : 0, 28 : 213 : 3, 28 : 193 : 10, 21 : 129 : 17,' 
15 : 69 : 22. Lindhard’s interpretation is that the ratio is affected by a 
pair of factors L and 1, which also influence the ear density. Thus, he 
found three types of speltoid heterozygotes: (1) dense eared, 11, giving 
a ratio of about 1:8: 0, and continuing to give this ratio; (2) medinin 
density, LI, giving a ratio of e.g. 13 : 63 : 4, and splitting off plants of 
type (1); (3) lax eared, LL, giving a ratio of e.g 15 : 149 : 76. It is not 
certain from the results whether the heterozygotes of (3) continued to 
give ratios of this type as they should on Lindhard’s theory. In the 
absence of cytological observations it is difficult to interpret these 
results, Lindhard was possibly dealing with a mixture of cytologically 
different types — type (1) being perhaps a 41, type (3) a 42 chromosome 
type, and type (2) perhaps a 42 chromosome type that split off 41 chro- 
mosome plants — but, even so, some of his results show that phenomena 
other than those suggested by the chromosome theory are involved. 
A good example of this is given by lines that split in a ratio such as 
15 : 149 : 7fi, wherein the deficiency of normals is associated with weak 
growth. ^ 

The segregation observed by Akerman (1920, 1923, 1927) in his 
speltoids need not be considered in detail since it was similar to that 
observed by Nilssoii-Ehle. An important feature of his work is that 
speltoids were often found to arise as ehimaeras; and that, consequently, 
irregular ratios will sometimes be produced by this means. On the 
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ctoomosome theory a chimaera would arise from loss of a chromosome 
at a somatic division. 

The different types of splitting found by Kajanus (1923 a) also agree 
on the whole with those of Nilsson-Ehle. The mutants appeared after 
crossing various vulgare wheats, in J ?2 and later, and an interesting 
conclusion is that they appeared to come in definite (small) proportions 
in the different cases. 

It is clear that a great many of the results given above agree with 
Huskins’ theory, but there are also several difficulties: (1) Throwing of 
0 type (43 chromosomes) by B type (41 chromosomes) is reported by 
Nilsson-Ehle and Lindhard. This is not impossible on Huskins’ theory 
but is unexpected. (2) Mo|t of Lindhard’s heterozygotes should have 
41 chromosomes but the one examined by Winge had 42. (3) The results 
attributed by Lindhard to his factor L need explanation; but they can 
hardly be used to contradict the theory in the absence of evidence as to 
the cytological nature of the strains. (4) The effects of the B and C chromo- 
somes on the plant are not very easily understood. Thus, no differences 
are described for the ears of the three types and but 

these are all quite different from the homozygous speltoid 

These difficulties will probably be cleared up, but certain facts 
suggest that, in addition to the factors suggested by Huskins, other 
phenomena are involved: 

(1) The complete linkage between bearded and speltoid in 42 chro- 
mosome heterozygotes. Apart from species crosses, in which the crossing- 
over is about 39 per cent. (Watkins, 1928), the only exception to complete 
linkage reported is that given by Nilsson-Ehle (1927), who crossed a 
bearded normal x a beardless speltoid and found a crossing-over of 
about 27 per cent. It is true, of course, that in this cross it is beardless 
and speltoid that enter the cross together, and in the mutants it is 
bearded and speltoid that are completely linked. But this cannot be the 
reason for the difference in behaviour, since in the from Nilsson-Ehle’s 
cross some of the heterozygotes are formed of course from the union of 
bearded speltoid with beardless normal gametes ; and the F^ shows that 
the expected 27 per cent, crossing-over between bearded and speltoid 
has occurred in these cases. Evidently there is something in 42 chromo- 
some speltoid mutants which prevents crossing-over in one chromosome, 
although this is not a necessary characteristic of speltoids. 

(2) Both Nilsson-Ehle (192 k) and Akerman (1923) have concluded 
that there is sometimes a partial elimination of pollen parrying the 
speltoid character in A type heterozygotes. This may perhaps be due to 
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tie same factor iiiTolved in (1) above. Tiat it need not necessarily occur 
in speltoids of this type is shown by the good 1:2:1 ratios that are 
sometimes obtained. 

(3) The occurrence of strains in which the normal segregates are 
weak and in defect (p. 246; Lindhard). 

(4) A normal plant must form the gamete AGO as often as ABB, bo 
that 42 chromosome compactum and speltoid heterozygotes should arise 
equally often. Actually, the former have not been recorded as original 
mutants. In other cases, too, the chromosome theory postulates gametes 
for which there is no evidence. 

MIsson-Ehle (1920, 1921, 1927) has offered a different explanation 
for the origin of the mutants, which, together with his criticisms of the 
chromosome theory, must now be dealt with. Winge’s theory involves 
a whole chromosome ; Nilsson-Ehle’s loss mutation affecting a considerable 
region of one chromosome. He points out that, although total mutations 
from beardless normal to bearded speltoid are most frequent, he has also 
had instances of partial mutation — from beardless normal either to 
beardless speltoid, or to bearded normal, or to half awned normal 
Clearly the simplest view is that these are factor mutations as he argues, 
and it is therefore reasonable to regard the complete change as a complex 
factor mutation. From the linkage value found, the two factors bearded 
and speltoid must be situated some distance apart in the same chromo- 
some, and he considers that a complex mutation involves not only these 
two factors but the factors lying between them as well; and that because 
the whole region is affected crossing-over is prevented, the pollen 
carrying the mutated chromosome is adversely affected, and the mutants 
are in general weaker than the normal plants. But when a beardless 
speltoid arises it is from the mutation of one factor alone, and crossing- 
over is then possible. Winge, on the other hand (1924), suggests that 
part mutations arise from a cross-over between chromosomes B and Cl 
Thus the normal plant BBCG, or 

b’ded sp. 


b’ded sp. 

by faulty pairing 

b’ded sp. 

bless norm. 

can give the gamete 

■ . ■ ■■ 

b’ded sp. 

^ 


bless norm, 

bless norm, 

b’ded sp. 

b’less norm. 

b’ded sp. 
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and from this the usual heterozygous speltoid arises. But if crossiug-over 
has occurred at the same time as the faulty pairing then the gametes 

bless sp. b’ded sp. b’ded norm. b’ded sp. 


would be formed; and from these would come the beardless speltoids and 
the bearded normals. This explanation would of course cover certain 
exceptional plants referred to on earlier pages (pp. 243 and 246). Against 
this explanation Mlsson-Ehle points out that in the 42 chromosome 
heterozygous speltoid crossing-over never/ or hardly ever, occurs ; 
therefore the part mutations could not arise in this way. On the chromo- 
some theory, therefore, we have to explain why a mutant produced by 
pairing between S and C Without crossing-over gives no crossing-over 
in subsequent generations; while a part mutant, produced by pairing 
between B and C with crossing-over, does give crossing-over in subsequent 
generations. A strong argument for Nilsson-Ehle’s view is, in my 
opinion, the fact that both half-bearded normal and bearded normal can 
arise from beardless normal. The simplest view of the relation between 
the three types is that bearded, half-bearded, and beardless form a series 
of multiple allelomorphs; indeed they are a typical instance of this 
phenomenon. If this be granted, then the origin of half-bearded or 
bearded from beardless is almost certainly an instance of factor mutation. 
It is not, unfortunately, quite certain. Winge considers that speltoids 
come from a rearrangement involving chromosomes B and 0 ; B carrying 
bearded and C beardless. If the third chromosome A carries half-bearded, 
a rearrangement involving A would make the origin of half-bearded forms 
possible. I have, throughout this discussion, neglected possibilities 
connected with this chromosome since their consideration at this stage 
would add confusion to a subject already sufficiently obscure. Nilsson- 
Ihle himself, however, does not consider that the three characters are 
due to multiple allelomorphs, since he finds that crossing-over between 
bearded and speltoid is about 27 per cent., and between half-bearded 
and speltoid about 36 per cent. This seems to me to mean that the 
bearded and half-bearded factors influence the amount of crossing-over; 
but Nilsson-Ehle concludes that half -bearded is further from speltoid 
than is bearded, thus 

Vded b’ded sp. 


and that the characters behav^ genetically like multiple allelomorphs 
because crossing-over cannot occur in the region bet^ween bearded and 
half-bearded. 
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In conclusion, it seems to be well established that speltoids can arise 
from the loss or addition of a whole chromosome; 41 or 43 chromosome 
forms, which can be readily demonstrated cytologically, being produced 
But, paradoxically enough, although this theory was developed as an 
extension of Winge’s, Winge’s theory itself is less satisfactory. He sup- 
posed that a 42 chromosome mutant arises simply from a mechanical 
irregularity at the heterotype division; this giving a rearrangement of the 
existing genetical material, B being substituted for G, and a gamete 
ABB produced instead of ABC. Cytologically, this is difficult to establish 
Partly because it is not easy to prove the existence of a trivalent chro- 
mosome in a 42 chromosome wheat, where the large size and numbers 
of the chromosomes both give difficulty. Partly, also, because the 
trivalent chromosome in the heterozygote 'is presumably the result of 
the change from normal, and does not necessarily show that irregular 
pairing occurred in the normal itself. As for the genetic evidmce, 
phenomena such as the linkage relations between bearded and speltoid-^ 
their complete linkage in 42 chromosome heterozygotes, coupled with 
the origin of partial mutations— show that Winge’s hypothesis alone will 
not explain the facts. On the other hand, it does bring the origin of 41 
42 and 43 chromosome heterozygotes all into line; while Nilsson-lhle’s 
theory of factor mutation, although it agrees satisfactorily with the 
genetical evidence, can only apply to the 42 chromosome forms and would 
leave their origin quite unrelated to that of the others. For this reason, 
and because it is a logical development from the polyploid nature of 
wheat, Winge’s theory is attractive; but it will evidently need con- 
siderable modification. The diversity of strains isolated by Lindhard, 
e.g. the one with normals of weak growth, indicate that the problem is 
more complicated than the chromosome theory in its present form 
suggests^. 

The origin of speltoids not yet being clear I have not dealt with tie 
compactum heterozygotes and other types that have also been found* 
The valuable data given by Lindhard (1922, 1923) on these forms show 
that the subject is one of great complexity, and is very important for a 
proper understanding of the speltoid problem. Prom its appearance, the 
compactum heterozygote is evidently the complimentary form to the 
speltoid heterozygote, namely 

The origin of speltoids in species crosses has no direct bearing on 
their origin as mutants. 

1 The origin of such strains could be readily explained, of course, if crossing-over 
between B and C could occur. 


A. E* Watkins 


251 


(6) INHERITA.NCE IN CROSSES BETWEEN TETRAPLOID WHEATS. 

Two abnormalities biave been observed in tbese crosses. The first, 
apparent failure to segregate, was reported by Biffen (1916) in a cross 
between a white chaffed polonicum and a grey chaffed turgidim. was 
white chaffed, almost like the parent polonicum, and all plants of F^ 
and later generations up to Fq were the same colour. The second case 
was first noticed by Caporn (1918) in a cross between polonicum and 
durum, and was studied in detail by Engledow (1920, 1923), who termed 
the phenomenon shift.’’ It was found that, although the long glume 
of poloniGum and the short glume of durum ga,Ye a simple 1:2:1 ratio, 
the extracted pure long forms were far shorter than the original long 
parent. Shift was also noticed by Vavilov and Jakushkina (1925) in 
a persicum x durum cross. In all these cases the evidence that the parent 
forms could not be recovered seems to me convincing. Philiptschenko 
(1927) gives a case, in crosses between vulgare varieties, in which, though 
shift could be detected in F^, the parent forms were regained in later 
generations. Since the parent forms were recovered it seems clear that 
there was no true shift in this case. 

Darlington has put forward autosyndesis as an explanation of these 
phenomena (1928). He suggests that the species concerned being tetra- 
ploids, the members of one set of 7 chromosomes in turgidum, for 
example, may be more like the members of the other set in the same 
species than they are like those of a different species. Thus, if the white 
chaffed polonicum is WW WW and the grey chaffed turgidum is ww ww, 
Fi would be Ww Ww and allosyndesis would give a 15 : 1 ratio. But 
with autosyndesis the F-^, which may be written WWww, would only 
give the gamete Ww; so that all plants of F^ and later generations would 
have the same formula as the F^ and, like it, would be white chaffed. 
In the case of shift in glume length it was supposed that a major factor 
segregates in the usual fashion, thus giving a 1 : 2 : 1' ratio, but that 
modifying factors are carried by chromosomes that pair by autosyndesis, 
so that the parent type would not be recovered. 

The explanation is attractive, and should be investigated further. 

Malinowski (1926) has advanced a different explanation for shift. 
On his theory it must be supposed that polonicum, AB, differs from 
durum, ab, by two chromosomes A and B which are in some way con- 
nected so that they always travel to the same pole. This connection is 
broken in the F^ and A becomes^attached to 6^ so that only the gametes 
M and aB are formed. If A controls the major difference in glume 
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lengtli, and B a small difference only, .Fg will contain Ah with rather 
shorter glumes than the polonicum parent, and aB with longer glumes 
than the durum parent. Actually, of course, A and B need not be two 
linked chromosomes but might be two linked factors in a single chromo- 
some; a cross-over in giving Ab, which then remained completely 
linked instead of ^5 being linked. 

Malinowski has used his hypothesis to explain a number of features 
of species crosses in wheat. In Spelta x vulgar e, the more evident 
differences in glume shape and ear density give a 1 : 2 : 1 ratio; and he 
considers this to mean that the differences were due to a group of 
completely linked factors. He then found that vulgar e x dicoccum gives 
new types, 'which include Spelta and durum ; and concludes that this shows 
that the factors which were linked mvulgare t Spelta are no longer linked 
in vulgare x dicoccum, though this does not seem to me necessarily to 
follow. For various reasons he was unable to regard this linkage as 
ordinary linkage, and proposed the hypothesis of linkage between 
chromosomes, for which the following evidence was cited: 

(1) The appearance of new types when hexaploids and tetraploids 
are crossed; e.g, vulgare x dicoccum giving Spelta and durum; polonicum 
X vulgare giving dicoccum, durum and Spelta, In these crosses Malinowski 
considers that the reason why the linkage between chromosomes is 
broken is the existence of univalents in the . 

(2) In crosses such as vulgare x dicoccum the parent dicoccum is 
regained more often than the parent vulgare. 

(3) In the same crosses the parent types are regained only in small 
numbers. 

(4) Shift and the other cases dealt with above. 

The phenomenon studied in (1) to (3) was the inheritance of type, 
as determined by ''the sizes and shapes of glumes and spikelets’’; (2) is 
clearly a consequence of the association between type and chromosome 
number coupled with the fact that chromosome loss and other factors 
(p. 226) cause a preponderance of forms with low numbers; while (3) 
occurs because many plants have an intermediate number in F^, and 
for other reasons dealt with above (pp. 231-9). For (1) a different ex- 
planation, involving the effect of the additional chromosomes of the 
hexaploid species on type, has been offered (Watkins, 1928). 

In this explanation the parent vulgare and Spelta forms are supposed 
to have the haploid formulae kK' and KgK', and (iicoccww the formula Kg; 
'K! being carried by the extra chromosemes of the hexaploid. The cross 
vulgare x dicoccum, kK' x Kg, would give the new types KgK' andk; 
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of which tlie former is the Spelta type and the latter a new type not 
described by Malinowski but mentioned by Kajanus (1923 a, 6). The 
regular appearance of new types in most crosses between tetraploid and 
hexaploid wheats was explained in this way, and the residue are likely 
to yield themselves to further investigation. In my opinion the facts 
cited by Malinowski in support of his very ingenious hypothesis are 
better explained in the various ways suggested above. 

(7) Cumulative PACTOES. 

The cumulative factor theory was first advanced by Nilsson-Ehle 
(1909, 1911) from his work on wheat and oats. In wheat he showed that 
red chafi colour might be due to 1 or to 2 factors, and that red grain 
colour might be caused by f, 2 or 3. Now that it is known that T. vulgar e 
is a hexaploid species, several writers have argued that it probably 
contains three similar sets of 7 chromosomes in its gametes, and that 
many of its characters should therefore depend on 3 factors. The 
suggestion is in some ways attractive. It is a logical conclusion; it may 
explain why so many characters show an almost continuous range of 
variation and why it is that the inheritance of so few wheat characters 
has been put on a factorial basis. Undoubtedly, a careful comparison 
of variation within the diploid, tetraploid and hexaploid groups should 
be made for several characters; and the possibility that the results could 
be explained by 1, 2 oi 3 factors, respectively, should be tested gene- 
tically. No doubt difficulties would arise, especially since it is not known 
how far the so-called cumulative factors are really additive in their 
effects. Nilsson-Ehle himself pointed out that races that gave a 15 : 1 
ratio for chaff colour were of a deep red, but that some races which gave 
a 3 : 1 ratio might be just as deep in colour, and only the splitting numbers 
could show whether a 1 or 2 factor race had been used. 

It is rather surprising that, except for a note by Castle (1928), to 
which my attention has recently been drawn, one important implication 
of the view given above seems to have been overlooked. When cumulative 
factors were first discovered Nilsson-Ehle suggested that they might 
form the basis of the inheritance of the so-called quantitative characters, 
which appear to give a continuous range of variation in F^. This view has 
been widely accepted; but, if the above reasoning be correct, T. vulgare 
is a special case— a polyploid species in which cumulative factors are to 
be expected — and cannot be used as support for a general theory of the 
inheritance of size. Lindstrom^l926, 1928) has given strong experi- 
mental evidence for the existence of single factors that control size; but, 
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if we except the case of wheat, the evidence for cumulative factors is 
far less satisfactory. The method given by Philiptschenko (1926, 1928 a, h) 
for testing the number of factors involved in different crosses may give 
useful results, but has not yet been adequately tested. To accept the 
cumulative factor theory of size inheritance on the evidence now 
available is not warranted in my opinion, and may mean that important 
phenomena are being overlooked. 

CONCLUSION. 

There is no doubt that hybridisation is the most plausible explanation 
for the origin of the tetraploid and hexaploid wheats. The three groups 
are clearly separated by their morphology, geographical distribution and 
chromosome number. The two known metho'ds by which tetraploids can 
arise are simple chromosome doubling, as in the autopolyploid Primula 
sinensis, and hybridisation followed by doubling, as in the allopolyploid 
P. kewensis. The second method is evidently more probable for the 
tetraploid w^heats, since it would explain at once, without further 
assumptions, why there is no tetraploid like a diploid, and why the 
tetraploids vary about types widely different from the diploids. Further- 
more, hybridisation gives an immediate explanation for the origin of the 
new characters, and for the greatly increased variability, which dis- 
tinguish the former group so clearly from the latter. Our only assumption 
is an unknown species with which one of the diploids has crossed. The 
change from tetraploid to hexaploid is distinguished by exactly the 
same features; and again, therefore, agrees with the theory of a hybrid 
origin. There are difficulties, however. Thus, the 14 chromosome wheats 
apparently do not occur in Northern Africa, where the tetraploids are 
supposed to have originated; nor does chromosome pairing in the hybrids 
between the two series appear to be as regular as might have been 
expected. 

Percival has given evidence that the hexaploids came from a cross 
between a tetraploid wheat and Aegilojps ovata or A, cylindrica. Chromo- 
some doubling after such a cross would give, however, 56 chromosomes 
instead of 42; and the evidence of hybrid cytology, while suggesting 
that there may be some relation between T, vulgare and A, cylindrica, 
does not agree with the view that the former arose in the way suggested. 
Eclated genera, such as Aegilops, must evidently be considered in 
connection wuth evolution in Triticum; but since polyploid series exist 
in Aegilops as well, and these may have had a hybrid origin, we must 
adimt the possibility that many of the species in the genera Aegilops, 
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Smh Agropyrum and Triticum are in some confused fasMon related, 
f he origin of any of these species is not likely to be an easy problem; 
but something may be learned from the hybrids between the different 
forms, and if a synthesis of T. vulgare or some other form is ever 
effected it will certainly help the solution of several of the problems 

discussed in this paper. 

With regard to the further evolution of the wheat forms we can 
but indicate briefly the more obvious considerations. The tetraploid 
group contains a wide range of forms in which the varying characters 
occur in most of the possible combinations. Character recombination 
would follow from natural crossing; but we have also to explain why 
the different forms, instead of being all equally frequent, are grouped 
into so-called species comfected by transition forms. No doubt agri- 
cultural conditions would have some effect; durum mi turgidum, iox 
example, would normally be grown under different conditions and their 
intercourse thereby restricted. In other cases there may be genetical 
reasons; thus T. polonicum owes its specific rank to a genetical association 
between a number of characters. Time may be another factor. If 
natural crossing between two widely different types, A and S, were not 
too frequent it would give, after a moderate interval, two polymorphic 
species connected by transition forins. 

Next, we have to consider how the original variations occurred; e.g. 
the origin of black, red, or white chaff, long or short awns, and so on. 
One possibility is loss mutation. Although it is doubtful whether any 
certain case has been observed in wheat, there is indirect evidence in 
the existence of jjofomcwm with short grains and durum with long grains, 
despite the apparently complete linkage between these characters. 
Secondly, whatever may be the mechanism by which speltoid mutants 
arise, the same phenomenon may occur in tetraploids, and might be 
important since the change involves a number of factors, A giving a 
markedly different form than B. If B produced further types, e,g. by loss 
mutation, we should have a small group of forms deserving the term 
species as much as some of the existing species deserve it. Finally, two 
or more different species, e,g, dicoccoides, dicoccum, durum and persimm, 
may have arisen directly from the diploids by hybridisation; and the 
whole range of variation might have been comprised in these few 
pnmitive forms. appears to be the most primitive cultivated 

wheat in the series, and the sudden appearance of durum is perhaps more 
easily explained by a separate origin than by origin from dicoccum; and 
new characters, one of the arguments for a hybrid origin for the tetra- 

' ':V, 17-2, 
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ploid wlieats, are far more aumerous in durum and related species than 
ill tlie primitive dicocmm. Several separate origins would also explain 
the grouping into species; diversity within the species, and transition 
forms, having come in the various ways suggested above. 

The importance of the factors we have discussed cannot be estimated 
until we know exactly how the different characters vary, how they are 
combined, and how common the different combinations are. In addition, 
adequate genetical knowledge is necessary. 

Nor must it be forgotten that evolution in diploids is little under- 
stood, and that whatever factors operate in them presumably operate 
in polyploids as well, perhaps in a more complicated fashion. This would 
diminish the chance that the existing polyploids can be synthesised from 
existing diploids. 

In the hexaploid series the situation is similar. The species /Spefea, 
compactum and sphaerococcum, are all closely related to vulgare; and 
although the latter is very polymorphic it does not fall into clearly 
defined groups. One of the arguments- that these wheats had a hybrid 
origin is that beardless, and several other characters, appear in them 
for the first time. Pushed to its conclusion this argument implies at 
least two separate origins for vulgare since there are two types of beardless, 
caused by different factors (Howard and Howard, 1912, 1915). This 
demands frequent hybridisation between widely separated species, and 
Popova (1923) actually found in Turkestan great numbers of hybrids of 
T. vulgare with A, cylindrica Host, and crassa Boiss. 

Except for Winge’s theory of the origin of polyploids, genetics and 
cytology have not, so far, taught us very much about the origin of the 
wheat species or their subsequent evolution. Something may be learned 
from the cytology of their hybrids with related genera; but so far this 
work has not been extensive, and must be done in greater detail if 
affinities are to be deduced from chromosome pairing. Within the 
genus itself work on species crosses has been devoted, naturally enough, 
chiefly to special problems such as sterility; but since the principles of 
inheritance in these crosses have now been worked out in a preliminary 
fashion, and a factorial analysis can be made, some progress should be 
■■■possible. ;; 

Similarity between the 7 chromosomes , of the diploid wheats and 
7 from the tetraploids, and again between the 14 of the latter and 14 from 
the hexaploids, was suggested by the results of hybrid cytology. Further 
development of the polyploid theory—that every set of 7 is more or less 
similar to every other set-^is due especially to Wunge (p. 240). If the 
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theory of hybrid origin be accepted, we must regard T. vulgare, for 
example, as being composed. of three sets of chromosomes and A^; 

the chromosomes of being more or less similar to those of A^ and A^,, 
according to the difference between the species that originally entered 
the cross and to the extent of subsequent changes. The genetics of the 
pentaploid hybrids gives direct evidence in favour of this view since it 
has been shown that the unpaired chromosomes from the hexaploid 
parent do, in some cases, carry factors similar to those carried by the 
paired chromosomes. Apart from this the only evidence we have is the 
existence of cumulative factors. However, an explanation based on the 
polyploid theory has been suggested for the origin of speltoid mutants; 
and, subsequently, for the irregular inheritance sometimes observed in 
crosses between the tetraploid wheats. As developments from the 
polyploid theory both explanations are attractive; but it must be 
admitted that the former does not, in its present form, completely 
explain the facts, and that the latter so far lacks experimental 
confirmation. 

Similarly, the polyploid theory agrees with the general facts of 
systematics, though here again experimental proof is lacking. In 
diploids, if a character is affected by a factor only two forms occur, 
namely those with the gametic formulae % and A^, In tetraploids and 
hexaploids the number of possible variants would be greatly increased, 
and we can understand the reason for '‘the extraordinary complexity 
and almost endless number of varieties and intermediate forms of the 
mlgare race” noted by Percival (see p. 197). Moreover, if A^, A^ and A^ 
are different, we can have in the hexaploid a series of forms such as 
AiA^A^ which are not possible in the other series; and we can imder- 
stand why differences between the groups are more often differences in 
degree than in kind. 

There are clearly good grounds for supposing that m&y features of 
the genus are the outcome of its polyploid nature, but so far there is 
little experimental proof. 

I wish to record my indebtedness to Prof, Sir Kowland Biffen, who 
has always placed his wide knowledge of wheat at my disposal; and 
to Prof, Percival for his frequent kindness in showing me his wheat 
collection. 
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ON THE SERIES OF ALLELOMORPHS CONNECTED 
WITH THE PRODUCTION OF BLACK PIGMENT 
IN rabbits. 

By R. e. PITNNETT, F.E.g. 

iNTRODUCTIOlSr* 

Some years ago (1912) I stowed ttat there existed a black form of the 
rabbit which behaved as dominant to agouti, whereas the normal black 
in this species is a recessive. I suggested that this was due to a dominant 
factor, D, which inhibited the action of the agouti factor, A, and that 
this factor was completely"' (or almost completely) linked with the 
factor for extended pigmentation (E) such as occurs in hormal blacks aiid 
agoutis, as opposed to that for restricted pigmentation (e) found in tor- 
toises and yellows. 

With the advent of the conception of multiple allelomorphs Wilson 
(1913) suggested that the simplest way of regarding this case was to, 
suppose that dominant black, normal black, and tortoise depended'upon 
three allelomorphs, and that in the presence of the agouti factor (A) 

the series became black, agouti, and yellow. . ^ “ 

More recently indepehdenf experiments by Castle and by myself (1924)- 
showed that the factor (J) for the mixed yellow and black coat pattern of 
the Japanese rabbit must be regarded as allelomorphic to black (E) and 
tortoise (e). In the present paper evidence is brought forward in favour 
of the factor for dominant black (D) also being allelomorphic to Japanese, 
as indeed was to be expected. - 

Some years ago Onslow (1922) worked out the genetics of the "^steek* 
rabbit, a dark agouti form with the~belly pigmented instead of white as 
in the ordinary agouti. He showed that steel is a heterozygous form, and 
that, in material homozygous for A, steeix steel gave blacks, steels and 
agoutis in the ratio 1 : 2 : 1. As Onslow pointed out, the simplest ex- 
planation is to suppose that here again we are concerned with a factor for 
dommant black (D'), allelomorphic to that-fer normal recessiYe black (E). 
In the presence of A the I) 'D' rabbit is brack,..the.KE is steel, and the EE 
rabbit is agouti. At present we may regard the '^steeT’ factor (B') as 
distinct from the dominant black factor (IX), for reasons which will appear 
later. ■ ■■ ' , ' ' ... 

Hitherto D' has not been related to any member of the multiple 
allelomorphic series e, except to E. The object of the following 
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experiments was to test the relations of J to D and D', in the light of 
Castle’s work and my own with the Japanese rabbit. 

Material. 

I had long since ceased to breed dominant blacks, but I was fortunate 
in being able to procure from my friend, Mr T. H. Riches, a buck de- 
scended from my original material. He turned out to be DDaa, and also 
heterozygous for blue and for the Himalayan pattern. 

For my “steel” material I am indebted to the Hon. Mrs Onslow, who 
kindly sent me a pair when her husband’s rabbits were dispersed after his 
death. Unfortunately they proved to be sterile with one another, and 
very shy breeders with other stock. The D' material used was extracted 

from crosses derived from the original steel buck. 

Por the work I had in mind I should have liked to use DDAA and 
D'D'AA animals, but to have built up strains of the above constitutions in 
a reasonable time was not possible with the limited accommodation avail- 
able. Por this reason the experiments are more numerous and less orderly 
than I could have wished. To set them all out would be tedious and I shall, 
therefore, give selected evidence only. But it should be stated that the 
various miscellaneous data accumulated are in accordance with the inter- 
pretation given in terms of a series of multiple allelomorphs. 

The RELATION OP D TO J. 

The buck obtained from Mr Riches ((J 144) was mated with a Japanese 
doe ($ 138) of the constitution AaJJ, and gave eight blacks. Of these 
four and one ^ were used to produce the generation set out in 
Table! 

TABLE I. . 


Himalay- Japa- 


?170 X S 169 
? 171 X „ 

? 172 X „ 

? 173 X „ 


The appearance of blues and Himalayans is due to ^ 144, which wa^ 
known from other evidence to have carried these characters, while the 
chocolate came into the cross through ? 138. The Himalayans were 
killed early before it could be decided whether they corresponded to the 
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self-coloured or to the Japanese type. Of the rest there were thirty-five 
self-coloured and thirteen Japanese, a fair approximation to the 3 : 1 ratio 
expected on the assumption that D and J are allelomorphic. Further, 
although some of the animals probably carried A, no agouti-marked 
animal appeared in F^. This also is in accordance with expectation on the 
assumptions that D and J are allelomorphic, and that the DJA animal 
shows no agouti ticking. Evidence for the latter assumption will be given 
below (cf. p. 272). 

Twelve of the F^ blacks were then crossed with Japanese, nearly all 
of which were homozygous for black (BB). The results of these matings 
•aresehout in Table II. ■ 


V TABLE IL 


I’g Japa- 



CkocO" 

Japa- 

Haofc nese 


Black 

late 

nese 

^21i x $188 

gave 

a 

2 


: 2 

<J 212 x || l 

8 

— 


$ 228 X $ 227 
^229 x 

79 

4 


_ . . 

77 

5 


10 

$ 234 X $ 163 
$ 235 x <^165 


2 

. — ' ■ ■' 

3 

77 

2. 


:■ ■ ■■■ 5 

$ 236 X S 187 

77 

6 

' — ' ■ 

1 

$ 237 x c^l87 

77 

10 

— . 

■ ' — 

$ 238 X ^ 227 : 


d 

— 


?B2x{|227[ 

79 

10 

— 


^B3x $217 

79 

1 

1 

1 


Of the twelve animals tested four, viz. $ 212, $ 237, $ B1 and ? B 2 
were evidently homozygous for D ; six, viz. ^ 211, d' 229, $ 234, $ 236, 
$ 236 and (J B 3 were heterozygous; while $228 and $238 were not 
sufficiently tested for certainty. The six definite heterozygotes gave in all 
nineteen self-coloured and twenty-two Japanese, a near approach to the 
equality expected on the assumption that D and J are allelomorphic. 

Of the Japanese rabbits used one, 187, was known from other evi- 
dence to have been heterozygous for A. With $$ 236, 237, and Bl he 
gave twenty-nine self-blacks^ none of which had any trace of agouti 
ticking. Since about 50 per cent, of these animals must have carried A, 
it is clear that the DJA rabbit is a full black in appearance. In this respect 
the factor for Japanese (J) behaves similarly to that for tortoise (e) (cf. 
Punnett, 1912). 

These experiments are consistent with the view that D and J are 
allelomorphic. 
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The relatiok oe D' to J. 

As already stated the D' factor was derived from one of Onslow’s 
steels, viz, $ 137. Mated with a yellow doe ($ 119) he gave agouti-hlacksi 
and agoutis. Of these an agouti-black doe ($ 178) and an agouti buck 
((^ T76) were bred. together and gave in all: 

2 agouti, 1 black, 3 steel, 1 agouti-black Ik n 

1 cinnamon, 1 chocolate, 1 chocolate steel, 1 dark chocolate agouti j ® orange, 

where expectation, on the assumption that D', E and e are allelomorpliic 
would be 

2-25 agouti, 2 ‘25 black, 2*25 steel, 2-25 agouti-black it 

0-75 cinnamon, 0*75 chocolate, 0*75 steel, 0-75 dark chocolate agouti] ^ y^how or orange, 

It is remarkable that, even in the small number bred, all of the 
expected classes appeared, and closely in the proportion expected. As 
shown in Pedigree I (p, -269), two of the steels, viz. $ 219 and ? 221, were 
subsequently used for breeding purposes, and a certain number of the 
animals bred were analysed by means of various matings. The results 
throughout were found -to be consistent with the view that D', E, J and 
e behave as multiple allelomorphs. 

One further experiment may be referred to in more detail. Prom 
Pedigree I it will be seen that $ 219 was mated with a Japanesedoe ($ 188) 
with whom he gave three agoutis, three agouti-blacks and two blacks. 
One of the agouti-blacks, $ B 34, was tested and found to be AABBD'J 
in constitution. She was then mated with c? B 48, a black of the constitu- 
tion aaBBEE. With him she gave eleven agoutis and eight steels. On the 
assumption that D', E arid J are allelomorphic these agoutis should all be 
AaBBEJ, and the steels all AaBBD'E in constitution. The agoutis bred 
together should give agoutis, blacks and Japanese in the ratio 9:3:4. 
Actually two does ( $ B 108 and $ B 1 10) mated to the same buck (d B 112) 
gave seven agouti, three blacks and two Japanese. Again, the steels bred 
together should give agoutis, blacks, and steels in the ratio 3:7:6. 
Actually two does ( $ B 109 and $ B 111) mated to the same buck ((J B 1 14) 
gave five agoutis, nine blacks, and six steels. In either case the results, 
both qualitative and quantitative, are in full agreement with the assump- 
tion that DV E, and J are members of the same allelomorphic series. 

^ I.e. blacks with a small but variable amount of agouti ticking. The variety is figured in 
Vol. n, PI. XII, fig. 2, of this Journal, 
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The eelation op D to D'. 

To test the relation of D to D', the steel buck (cJ 219) mentioned above 
(p. 268) was mated with two extracted dominant black does ( $ B 1 and 
$ B 2) both of the constitution aaBbDD (cf. p. 267). Since $ 219 was 
genetically AaBbD'E, the expectation from this type of mating is as 


follows: 








ABD' 

aBD 

Black 

ABE 

aBD 

Agouti- 

black 

AbD' 

aBD 

Black 

AbE 

aBD 

Steel 

aBD' 

aBD 

Black 

aBE 

aBD 

Black 

abD' 

aBD 

Black 

abE 

aBD 

Black 

ABD' 

abD 

Black 

ABE 

abD 

Steel 

AbD' 

abD 

Oboco- 

late 

AbE 
abD 
Choco- 
late Steel 

aBD' 

abD 

Black 

aBE 
r abD 

Black 

abD' 

abD 

Choco- 

late 

abE 

abD 

Cliooo. 

late 


This expectation is based upon the known facts (1) that the DE animal 
carrying A is agouti-black, (2) that the corresponding chocolate class is 
chocolate steel, and (3) that the DE animal containing A and also hetero- 
zygous for chocolate (Bb) is steel in appearance (cf. Punnett, 1912). It 
is also based on the assumption that the DD' animal carrying A is, like 
the DD animal, full black. Evidence in support of this assumption is 
given later (p. 271). 

From this cross then five colour classes are expected, though two of 
them, the agouti-black and the chocolate steel, are rare, occurring only 
once in sixteen times. Actually four of the classes appeared among the 
twenty animals bred, the rare agouti-black class alone being unrepre- 
sented. On the other hand there were two of the corresponding chocolate 
class. The actual and expected figures are as follows: 

Chooo- Agouti- Chocolate 
Elack Steel late black steel 

Actual 10 4 4 — % 

Expected 11-25 2-5 3-75 1*25 1-25 

The correspondence between the expected and the actual result is 
sufficiently close in view of the small numbers bred. 

A point of interest is that such steel rabbits as occur from this mating 
should be genetically AaBbDE in spite of the fact that the ''steel” factor 
D' enters into the mating. The chocolate steels should also be DE in 
constitution. One of the steels ($ B 16) and one of the chocolate steels 
($ B 39) were tested and were both found to be DE as expected. 

Of the blacks three were tested and constitutionally determined as 
follows: 
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Tie analysis of ? B 17 and B 19 proved the correctness of the a, 
sumption that the DD'A animal is a full black (cf. p. 270). 

aaBBEE^ T ^ doe ($ B 68) of the constitution 

Re produced two blacks, three agouti-blacks and one steel 

these three classes only being expected in the ratio 2 ; 1 ; l. 

The above facts are all consistent with the view that D and D' segre 
gate from one another, and are both members of the series of allelomorphs 
m which the five terms D, D', E, J. and e have been hitherto identified. 

GfElTERAL EemABKS. 

• f interest in connection with this series of aUelomorphs 

IS the phenotypmal expression of some of the heterozygous forms when A 

ZTe DD fo ^ experiments on the D black showed 

that the DD form was always full black, the DE form agouti-black and 

the De form agam full black. This is true for BE animals. When heterozy- 

u experiments have confirmed the earlier 

ofthe DD' an^th^Dj'^^'^ additional information that the full black 
Mr msm t ? «^b“ations is not affected by the presence of A. 
hih I showed that the formation of E black can be in- 

DE?"^ tvf ^ ^ inhibited. Since the 

inhibitory IffLt^^’" tv T can produce a slight 

Sve?to be I 1 M I" Tie DJA combination has alwfys 

Japanese rabb^ '"'’a surprising in view of the fact that the 

. ^^Q'l’rymg A has never been found to show any trace of 
^g^ntim,rkmg (Pimn ,t. 1924). J black, like D black, is what iTly 

been found To W u combination has always 

pigment of the T T' would'seem natural to regard the black 

beSl oualitaH (®) as being also refractory in nature, and 

recessive E f Iv^ different to E black to which it behaves as a simple 

yellow wirt T I V"" '' eeArabbitis a 

menf ’ J u-l agouti ticking in spite of the paucity of black pig- 
like thTs'^ f are driven to suppose that the e black. 

which containrtwo-MpTlrT^^^^ Wky then should the DEA form, 
the nofl f colour factors, show some agouti ticking, while 

“ “M" a “dilute" one. it completely 
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AMough what follows is admittedly crude speculation it is possible 
to look at the matter in the following way. The DD rabbit, with com- 
pletely refractory black pigment, is always full black when A is present; 
and if it were possible to get a DO animal we should expect this also to be 
Ml black. The DE animal possesses the means of producing both re- 
fractory and non-refractory pigment, and the production of a certain 
amount of the latter enables A to bring about the formation of an agouti- 
black. When the DE animal is heterozygous for chocolate (b) the tickmg 
is accentuated because chocolate is more readily inhibited than black b 
The De animal also possesses the means of producing both refractory and 
non-refractory pigment, but the power of producing the latter is here very 
much less than in the case of the DE animal. The power of producing 
refractory pigment, however, is presumably "just as great, and it seems 
not unhkely that the full black of the DeA animal may be due to the 
almost exclusive formation of the refractory D pigment, which is possible 
in competition with e but not in competition with'E. 

We may now turn to similar considerations in connection with D'. 
Generally speaking D' may be regarded as a refractory black, but less 
refractory than D. The D'D'A animal is generally full black, but some- 
times it shows traces of agouti marking even when homozygous for Bb 
The D'EA animal is the “steel” of the fancy, and corresponds with the 
agouti-black in the D series. I have unfortunately no evidence as to 
whether the agouti markings are more pronounced when the anima l 
carries chocolate. The D'eA rabbit in my experience is generally agouti- 
black, and indistinguishable in appearance from the DEA rabbit®. In 
some cases, however, rabbits which must have been of this constitution 
were recorded as full black before killing at a few weeks old. The ticking 
often does not develop until later, and it is possible that these rabbits 
might have become agouti-black. Whether D'eA rabbits can be full black 
when adult is at present undecided. 

The D'JA animal may be either full black or agouti-black, and the 

1 This statement rests upon the observed facts ( 1 ) that the cinnamon (= chocolate agouti) 
is relatively less pigmented than the corresponding black agouti, and (2) that the chocolate 
steel, AAbbDE, is more obviously agouti marked than is agouti-black, AABBDE, its 
corresponding term in the black series* 

2 This was the case in ^ B 21, cf. p. 269. 

® In 1918, when in the Isle of Wight, I came across a litter which contained agouti* 
blacks, agoutis, and yellows. At that time the DEA rabbit was the only form of agouti- 
black with which I was acquainted. I purchased one of the agouti-black does and mated 
her to a tortoise She gave agouti-blacks, agoutis, yellows and tortoises, and must have 
been AaD'e genetically. 
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amount of ticking may, vary from a trace to that characteristic of the 
normal agouti-black. I have hitherto been unable to relate these differ- 
ences with any feature in the genetical constitution. They do not depend 
upon the animal being heterozygous for chocolate, since <3^6 21 
(MBED'D') with a yellow doe ($220) gave seven young, all agouti- 
blacks. Since $ 220 was heterozygous for chocolate presumably some of 
the young were BB and others Bb. With a Japanese doe ($ B 8) cj B 21 
produced eleven young, also all agouti-blacks, i.e. the D'JA and the D'eA 
young from this buck were all similar in appearance. 

Apart, therefore, from a certain amount of minor variation the reactions 
of D' in its combinations wdth E, J, and e are along similar lines to those 
of D, and such as might be expected if the chief difference between them 
lies in the fact that one is more refractory to the inhibitory activity of A 
than is the other. 

Lastly, there is one further point which calls for brief mention, al- 
though its bearing is by no means clear. The ordinary agouti rabbit which 
carries J, viz. the EJA rabbit, frequently shows smudges of black which 
may occur on almost any part, including the light belly (cf. Punnett, 
1924). On such heterozygotes the refractory Japanese black appears to 
be distributed independently of the E black, as indeed we know it to be 
in the eJA type. But although I have examined some dozens of agouti- 
blacks of the D'JA kind I have never been able to detect any irregularity 
in the distribution of the agouti ticking. In other words the J black does 
not give the appearance of being superimposed on the D' black as on the 
E and e blacks. It is tempting to suppose that D' is chemically more 
akin to J than are E and e, so that the combination D' J gives rise to a 
fairly uniform pigment ; whereas, in the combinations EJ and e J, J always 
acts independently of E and e. In any case this series of allelomorphs is 
one of the most interesting hitherto met with, and it is hoped that further 
light may eventually be thrown upon it by other experiments now in 
progress. 

SUMMAEY. 

Earlier work had shown that of the factors connected with the produc- 
tion of melanic pigment in the rabbit two groups of three each, viz, D, E, e, 
and J, E, e, behaved as though in either case the three factors were allelo- 
morphic. Evidence is now adduced to show that D and J are aUelo- 
morphic, and further evidence is brought forward to show that D', the 
'^steel” factor, also belongs to the same series of allelomorphs. The five 
members of the series differ in their reactions towards the inhibitory 
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agouti factor (A), D and J being completely refractory, E and e being non- 
refractory, and D' partially so. Various points are discussed in connection 
with the phenotypical manifestation of various combinations of the five 
allelomorphs. 

I wish to acknowledge my indebtedness to the Government Grant 
Committee of the Eoyal Society, without whose assistance these experi- 
ments could not have been undertaken, 
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L Introduction. 

Intensive field studies of various groups of animals, both vertefeate 
and invertebrate, are making it increasingly evident that the pheno- 
menon of geographic variation within a species, or a group of closely 
related species, is one of very wide occurrence^. Among students familiar 
with the facts of the case the belief is now probably fairly general that 
the difierentiation of these geographic races or sub-species represents 
one of the most important ways in which the divergence of organic 
groups commences. It is consequently surprising, in view of the abun- 
dance of some of this material and of the absence of insurmountable 
technical difficulties in rearing it, that so few geneticists have directly 
attacked the problem of the inheritance of sub-specific characters. Pre- 
occupation with the simpler, more sharply defined problems of Mendelian 
inheritance is doubtless responsible in large degree for this attitude, 
The view is often expressed that the phenomena manifested in specific 
and sub-specific crosses are too complicated for profitable investigation 
at present, since the characters involved do not seem to admit of 
‘^criticaF’ Mendelian analysis. 

It is doubtless true that they do not admit of critical analysis, 
according to prevailing Mendelian standards, and this fact is certamly 
an important limitation to the scope of studies conducted with such 
material. Perhaps it will always remain so. But the. question arises 
whether much of first-rate importance cannot be learned from such 
studies, despite these handicaps, and whether all knowledge of the 
genetics of sub-specific differences must await the time when we can 
resolve them into a definite number of nameable genes, each assigned to 
its proper linkage group. 

It would seem, for example, quite relevant to genetics to decide 
such questions as the following: whether sub-specific differences are 
inheritable at all; whether they are subject to appreciable modifications 
by external influences; whether and to what extent individual varia- 
tions in these same characters, within a sub-species, are inheritable; to 
what extent the various characters which differentiate one sub-species 

A valuable general discussion of this subject has been recently prepared by Rensch 
(1929). 
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from aEother are found to be correlated, (1) in dealing with a group of 
dosely related sub-species, and (2) witbin the limits of a single sub- 
species; whether the correlation, if it exists, appears to be explainable 
by the linkage of genetic factors, or by the dependence of the characters 
in question upon common genetic factors, or by some other cause; 
whether there is any tendency toward dominance or recessiveness of 
sub-specific characters in crosses, and whether the aggregate characters 
of one of the sub-species tend to behave as a unit in this respect; whether 
there is any evidence of genetic segregation in the generation of 
sub-specific hybrids, in back-crosses, etc., and if so whether the character 
differences in question depend upon single genetic factors, or upon 
multiple factors; whether, ip. the latter event, the number of principal 
factors concerned may be approximately estimated; whether there is 
any tendency, in these generations, for the several characters which 
distinguish one sub-species from the other to segregate together, thus 
increasing any correlations which may previously have been exhibited; 
finally, whether there is any evidence that sub-specific characters may 
blend, as a result of crossing, in such a way as to be irrecoverable in 
later generations. 

The foregoing list of questions could be greatly extended. None of 
them depend for their answers upon ‘'critical analysis'’ of the usual 
Mendelian type. To what extent the Peromyscus studies of the past 
fifteen years have contributed to their solution I must leave others to 
judge. But that studies of the sort here indicated have been urgently 
called for is evident from the fact that when the present investigations 
were commenced zoologists were still seriously discussing whether the 
differences between geographic races of birds and mammals were here- 
ditary at all. So far as I have been able to learn, no real experimental 
test of this question had previously been made with either of these 
.groups.' 

The experiments to be discussed in the following pages form part of 
a rather extended programme which has been conducted by the author 
and his co-workers since 1914. The results have been reported in 
numerous papers throughout this period^. 

It has been inevitable that my point of view respecting some of the 

^ The chief of these, so far as they hear on genetic or distributional problems, are as 
fohows (those most relevant to the present discussion being italicised): Sumner, 1915, 
1917 ff, 1918, 1918 a, 1918 b, 1920, 1922, 1923, 1923 a, 1923 6, 1924, a, 1924 d, 
1925, 1928, 1927, 1928, 1928 a, 1929, 1929 a, 1929 6; Sumner and Collins, 1922; Sumner 
und Huestis, 1921, 1925; Sumner and Swarth, 1924; Collins, 1923; Huestis, 1925, 
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theoretical questions involved should undergo considerable change with 
increasing knowledge of the facts. Thus, for some years, I was disposed 
to share the view of many taxonomists and others that the characters 
which distinguish species, sub-species and other ''natural” groups belong 
to a quite different category from the characters which distinguish the 
various "artificial” races and "mutant” types that have been used in 
most Mendelian experiments^. The obvious differences between these two 

types of variation, both in their incidence and in their mode of inherit 
ance, cannot be disputed. I am nevertheless now disposed to accept 
as probable the interpretation which has been given to these differences 
by most recent geneticists, namely, that they are due largely to differ- 
ences in the number of genetic factors whi 9 h are involved in the two 
cases. 

My own change of view-point on this subject has resulted mainly 
from two considerations: (1) Convincing evidence of genetic segregation, 
in respect to various colour characters, has been revealed in the course 
of Peromyscus studies. This was not obvious in the earher hybridi- 
sation experiments which were undertaken (Sumner, 1920), but became 
increasingly evident with more extended experiments and more thorough- 
going analysis (Huestis, 1925; Sumner and Huestis, 1925), and has 
been shown most strikingly of all in the series discussed in the 
present paper. (2) Certain variations of the "mutant” type, occurring 
sporadically within a species, have been found to be inherited with 
much the same appearance of imperfect segregation as are the differences 
between our "natural” species and races. In Mendelian terms, they 
seem to depend upon a number of partially dominant factors of varying 
potency. Thus the sharp distinction between one tjq)e of inheritance 
and the other seems to fall away (Sumner, 1928). 

The remarks in the last few paragraphs must not be construed, 
however, as a claim (or admission) that the "multiple factor” interpre- 
tation of all specific and sub-specific characters yet rests upon a firm 
foundation. All that is claimed is that the data thus far derived from 
the study of Peromyscus conform fairly well with the requirements of 
that theory, while there are thus far few data which seem actually 
inconsistent with it. As has been remarked more than once previously, 
evidence for genetic segregation is not necessarily evidence for complete 
segregation of the type famiKar to us in the case of known Mendelian 
allelomorphs. 

Throughout the entire course of these studies I have been much less 

^ Osborn’s (1927) antitbesis between “speciation” and “mutation” belongs here. 
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concerned with the mechanism, of hereditary transmission, to which, 
lor th^ most part, they have little relevance, than with the analysis of 
racial differences, and the light which these may throw upon the process 
of evolution. To what extent, if at all, the present studies have con- 
tributed to this field will he considered in the closing section of the paper^. 


11. DESCRIPTIOlSr OP THE sub-speohs employed. 


No extended account seems called for here, either of the material or 
the methods employed in the present experiments. The biometric data 
regarding the '' wild ” generation of the parent stocks {Pefomyscus 
foUonotus polionottis, P. f. albifrons and P. p, leucocephalus) hdiYe been 
presented in considerable detail in another paper (Sumner, 1926)^, while 
the nature of the ''characters” here considered, and the means by which 
they are measured, have been fully discussed in a yet more recent paper 
(Sumner, 1927). 

Briefly, it may be repeated that the speoies Peromyscus poUomtus 
constitutes a group of small, short-tailed mice, occupying portions of 
the states of Georgia, Alabama and Florida, where it is represented by 
six recognised sub-species^. This grouping may prove, however, to be 
provisional. Peromyscus polionotus appears to be closely related to 
P. manicuhUis, the most widely prevalent and geographically diversified 
member of the genus. Within the species P. polionotus, the sub-species 
P. p. polionotus probably represents most nearly the ancestral form. 
Its range is wider, its habitat more nearly average, and its characters 
more typical of the genus than those of any other of this group of 
geographic races. Thus P. p, polionotus, Yiewed dorsally, is of a dark 
grey-brown colour, not far different from that of many of the other 
wild mice of various parts of the world. As with most species of 
Peromyscus, the ventral surface of the body, up to a certain level on 

^ It is a pleasure to ackaowledge here, as on many previous occasions, the ever- 
ready help of my colleague, Br G. E. McEwen, in various matters relating to mathe- 
matical procedure. 

® The figures presented in the present paper do not, in all cases, correspond with those 
given in the earlier one for a number of reasons. (1) The earlier figures for albifrons were 
based upon material derived from three more or less isolated localities. It will he pointed 
out below that these local collections exhibited rather wide difierenees in respect to certain 


■ ' ' ■ . ' i2- F ' ' ' ' 

characters. (2) Instead of using the fraction as an index of saturation for red, I 


R--V 


B-BV\ 


use — (^see Sumner, 1927, in which paper, however, this fraction is written — 


(3) Certain values comprised in the earlier table have been omitted from the later one, 
while a considerable number of new ones have been added in the latter. 

® Osgood (1909), Howell (1920). 
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the sides, is of a whitish appearance, due to the lack of pigment in the 
tips of the hairs covering this region. The basal half or more of each 
hair exhibits, however, the usual dark pigmentation. A dorsal stripe of 
dark hairs extends throughout the length of the tail, this contrasting 
rather sharply with the white hairs which clothe the remainder of the 
appendage. 

The other sub-species which have been described are of a much paler 
hue, they occupy less typical habitats, and are considerably modified 
from the supposedly primitive condition shown in polionotus, I shall 
discuss only two of these sub-species. P. p. albifrons is found throughout 
a rather narrow belt, bordering the Gulf of Mexico, and extending, so 
far as known, from Mobile Bay eastward to,Point St Joe, a distance of 
more than 160 miles. Albifrons is a far paler form them polionotus, being 
of a buff or pale brown hue, not far different from that of many of the 
rodents of our American deserts. The white, ventro-lateral area is con- 
siderably more extended than in polionotus, while the hairs throughout 
much of this area are white to their very bases. The dorsal tail stripe is 
reduced or vestigial. It is narrow and faintly pigmented, and commonly 
extends only part way from the base to the tip. In some cases it is 
lackiag altogether. 

This process of depigmentation has been carried to extraordinary 
lengths in the case of the third race, leucocephalus, which inhabits an 
island reef, skirting the coast of north-western Florida. This race has a 
paler coloration and more extensive white areas than any other wild 
mouse with which I am acquainted, and the tail stripe is entirely lacking. 

This island (Santa Eosa Island), as well as the beaches and dunes 
of much of the adjacent mainland, consist of extremely white quartz 
sand, covered to only a Hmited extent by vegetation. One cannot escape 
the conviction that these conditions have been responsible for the 
extraordinary modification of the mice which dwell here. That the 
modification has progressed so much farther in leucocephalus than in 
albifrons is doubtless due to the complete isolation of the former through- 
out a considerable period of timeb 

The three sub-species here considered also differ in certain other 
ways. In respect to the depth of pigmentation of certain exposed areas 
of the skin (ears, soles of the feet, etc.), we have the same graded series 
as was observed in the case of pelage characters. Polionotus, albifrons 
and leucocephalus form a series of decreasing pigmentation. As regards 
the length of certain bodily appendages (tail and feet), polionotus gives 

^ HoweU (1920), Sumner (1926). 
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the lowest values and leucocephalus tlie highest, with albiftons inter- 
mediated In ear length, the three races show no probable differences. 
Nor are there any certain differences in weight or in the mean length 

of the body (head + trunk). 

Thus far, these sub-species have been spoken of as if they were 
homogeneous groups throughout the territory occupied by each. This 
may be approximately true in the case of leucocephalus^^ but it is quite 
untrue of polionotus ot albifrons. Even during the earlier field 

studies of 1924, three collections of albifrons, which were made at points 
more or less isolated from one another, showed undoubted and con- 
siderable mean differences in respect to pelage colour and other characters 
(Sumner, 1926, pp. 157-8). In 1927 a series of collections was made, 
extending from the dunes of the gulf coast, near St Andrews Bay, 
through the entire range of albifrons, to a point far within the range of 
polionotus. As already reported recently,^ each of these races, particu- 
larly albifrons, displayed a very perceptible gradient from south to north, 
as regards the mean value of each of the pigmental characters which 
were subjected to quantitative treatment. A large and relatively abrupt 
change was, however, noted in the latter, at a point about 40 miles 
from the coast, where the transition from a somewhat atypical albifrons 
to a somewhat atypical poUonotus occurred within the space of a few 
miles. 

III. Breeding- experiments. 

A limited stock of cage-bred animals was reared from each of the 
*‘pure’’ races. These animals were utilised in some of the hybridi- 
sation experiments, and they also served a valuable purpose in showing 
the effects of captivity upon certain of the characters here considered. 
The great majority of the mice which were reared, however, were various 
sorts of hybrids between different sub-species. These are listed below. 
The numbers in parentheses represent the numbers which were reared 
to maturity, and the data from which have been included in the present 
discussion. In most of the groups, a small number of individuals have 

^ TMs intermediate position of albifrons, in respect to length of appendages, appears 
to hold only for the population dwelling in the immediate neighbourhood of the coast. 
Commencing at a point only 20 miles inland, the tail and feet of albifrons are no longer 
than those of poUonotus. This fact is interesting in view of the fairly uniform gradient 
which seems to hold for all of the pigmental characters (Sumner, 1929, 1929 a). 

“ That is, so far as ZocuZ variations are concerned. Of course there is a high degree of 
genetic variability within the population of any single locality. 

3 Suuijier (1928 a, 1929, 1929 a). ' 
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been rejected, owing to being undersized, or to being manifestly stunted 
or deformed^. Some individuals wHcb died in tbe cages were decomposed 
when found, and were thus not available for measurement. In the 
following list, the order in which the parent races are named has no 
significance. In each case, reciprocal crosses were obtained. Throughout 
this paper, the term “back-cross,” when unqualified, refers to the first 
back-cross (commonly with hucocephahis), the term “grades” being 
applied to the second back-cross with ?e?-fcocey)^alMs. 


Lcucocephalus xalbifrons^, ... ... ... 

,, ,, F^ 

„ „ back-cross, 3/4 leucocephalus 

„ „ back-cross, 3/4 alhifrons 

„ „ grades, 7/8 Imcoeepkalus 

„ », .^3 

Leucocephalus xpolionotus, Fi 

„ „ ^3 “r 

„ ,, back-cross, 3/4 leucocephalus 

„ „ back-cross, 3/4 poUonotus . 

„ „ grades, 7/8 leucocephalus . 

„ » I'z 

PoUonotus X albifrons, jFi 

„ „ back-cross, 3/4 poUonotus . 

„ „ back-cross, 3/4 albifrons 


(73) 
(125) 

(70) 

(15) 
(58) 
(65) 

(74) 
(109) 

(67) 

(16) 
(55) 
(82) 
(95) 
(76) 
(51) 


In mating Fi mice for tte production of the generations, sibs 
were employed wherever possible, i.e. in the great majority of cases. 
No selection with reference to colour characters was practised. Tbe 
j?g generations, on the other hand, resulted from the matings of 
individuals which had been selected according to shade. About equal 
numbers of individuals of ‘"dark,” '‘medium” and “pale” parentage 
were reared. 

In addition to the foregoing sub-specific crosses, I made a number 
of attempts to obtain inter-specific hybrids between leucocephalus and 
sub-species of P. maniculatus. The attempt succeeded in only a single 
case, as a result of which I obtained a fertile female hybrid between 
P. maniculatus sonoriensis and P. poUonotus leucocephalus. This Fi 
female was successfully back-crossed to a leucocephalus male, giving 

^ In dealing with this species, animals have been arbitrarily classed as “undersized” 
which fell below a body length of 74 mm. (males) or 76 mm. (females). In addition to 
the exclusion of all measurements from such mice, the measurements of body parts, though 
not of colour characters, have been rejected in the case of a small number of others which 
were obviously deformed. The total number of animals whose measurements have been 
excluded wholly or in part for these reasons is less than 4 per cent, of the cage-bred animak 
^ In the following pages, I have dealt separately with the derivatives of the “East 
Pass” and “Poster’s Bank” series of albifrons, A large majority of individuals, in each 
generation, belong to the former class (fifty-nine and sixteen, respectively, in the Jj), 
and it is these which have chiefly been reckoned with in dealing with this cross. 
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birtli to two youngj and to a manicidatus male (not, however, sonoriensis^ 

but giving 

Eeference has been made in preceding papers (Sumner, 1915, 1918 a; 
Sumner and Hnestis, 1921) to the not altogether normal character of 
the generations reared in captivity. There is a tendency toward reduction 
in total size, as well as toward a diminution in the relative length of 
the tail and feet. These conditions are believed to be in part of a rachitic 
nature. Since the fall of 1924 cod-hver oil has been regularly included 
in the dietary of the mice, being given in a mush which likewise contains 
Biilk. Although no carefully controlled experiments have been made to 
test the effect of this substance, it appears to have had a beneficial 
influence. Scarcely any of the more extreme cases of stunting and de- 
formation, such as appeared in each of the series of animals before 
administration of cod-liver oil to the mothers, are to be found among 
those reared after the treatment was commenced^. 

Comparisons have been made between the mean values for the 
^Vild” generation of each of the pure races and the corresponding 
values for the first cage-bred generation, after rejection of the small 
percentage of obviously stunted or malformed individuals (see above). 
What seems a fairer comparison has also been made between the mean 
values for the cage-bred mice and the means for those wild ones which 
actually figured as parents, the latter being weighted by the number of 
their offspring. While it does not seem worth while to present these 
figures in detail, it may be said that considerable differences appear 
between the two generations in certain cases. These differences, however, 
are not, on the whole, consistent. They may be of opposite sign in the 
different races, and even in the two sexes of the same race. For the 
most part, they are probably due to random sampling, the number of 
individuals, and especially of parents, being rather small. On the other 
hand, it seems likely that the preponderant tendency toward reduction 
in total size, and in the relative size of certain parts, is real. It accords 
with what has been observed on a more pronounced scale when the 
conditions of life have been distinctly unfavourable. Effects of captivity 
upon pigmental characters are much more problematic. If they exist 
at all, they are small in comparison with racial differences, and probably 
do not affect the interpretation of any of the results to be discussed 
below. This cannot be said unreservedly of such characters as tail and 
foot length. 

^ No fertile male was available at this time. 

^ However, the majority of those bom “before using’’ are of normal appearance, and 
their aremgfe size is only slightly less than those horn “after using.” 
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IV. Detailed results from the various crosses. 

(a) The leucoceplialus-albifroiis series, 

(Text-figs, 1-10; Plates VIII, IX, X.) 

Tables I and III give tbe mean values and standard deviations for 
tbe parent races and various hybrid generations concerned in this cross. 
As has already been stated, tbe albifrons material collected during the 
summer of 1924 came from three distinct locahties more or less isolated 
from one another. While it was recognised in the field that these sub- 
races displayed certain mean differences in respect to colour and some 
other characters, the extent of these differences (see Text-fig. 1) was 
unfortunately not realised until after the first generation of hybrids had 
been reared. As a result individuals derived from two of these localities 
were employed indiscriminately as parents of the hybrids in the 
crosses with leucocefhalus. In view of the surprisingly large differences 
between these two albifrons stocks, it has been found desirable, for most 
purposes, to separate the ‘‘Bast Pass” and “Foster’s Bank” derivatives^. 
A large majority belong to the former series, while the residuum of Foster’s 
Bank material is not large enough to have any great statistical value. 

The results of reciprocal crosses, here and elsewhere, have been thrown 
together and treated, in each case, as a single population. This procedure 
seems justified, owing to the apparent lack of any significant differences 
depending upon the direction of the cross. Mean differences of some 
magnitude appear in certain cases, but these show no consistent trend, 
and are doubtless due to chance. The number resulting from one re- 
ciprocal cross is sometimes considerably smaller than that from the 
other, and may be inadequate to reveal any except pronounced differ- 
ences. Such differences, as already stated, are probably not present 
among these hybrids. 

It will be most instructive, perhaps, to deal seriatim with the various 
measured “characters” which are represented in Table I. 

Bod^ length. As regards both this measurement and weight no signi- 
ficant racial differences are to be found between these two sub-species. 
There is no evidence of heterosis in the generation, nor any significant 
increase of variability in the Fg . I have more than once called attention 
to the greater mean size of the females of Peromyscus doS compared 
with the males. This appears to be particularly true of the polionotus 
group, 

^ For the position of these localities see Sumner ( 1926). 
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Tail length. No facts of genetic interest are to be noted in tbe present 
cross in relation to tMs appendage. 

Foot length. In this case there is a rather pronounced racial difference^. 
leucocefhalus has a greater mean foot length than any of the collections 
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Ono Isl and ( 15 ) 
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Text-fig. 1. Pelage characters of three local collections of P&romyscus poUonotus albifrons. 
Here and elsewhere, each square represents an individual. 

of albifrons; th.e difference being most prominent when comparison is 
made witli the East Pass series. There is, notwithstanding, no increase 
of variability in the jFg generation over the Indeed we find just the 

^ It is possible to compare only individuals of the same sex, since males have relatively 
larger feet than females. 
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opposite relation in both sexes, though these difierences have no statis- 
tical significance. In this connection it should be stated that genetic 
differences in foot length are masked by a high degree of non-genetic 
variability. The weighted mean of the coefficients of parent-offspring 
correlation between two generations of the ''pure’’ races employed in 
this cross, together with those between the and hybrid generations, 
is only + 0-076. This is based upon 210 offspring. The corresponding 
figure for the coloured area, in the same series of animals, is 0*501 h 

Ear length, Nothing instructive is to be noted here. 

Skeletal measurements. As regards these, a number of differences 
between these sub-species are shown, some of which are perhaps of 
statistical significance. These measurements seem to show that albifrom 
(at least from East Pass) has a slightly greater number of caudal vertebrae 
than leucocephalus, as well as a slightly longer pelvis and shorter skull. 
There is, however, no pronounced tendency for these characters to give 
intermediate values in the Fi generation of hybrids, and there is certainly 
no tendency for the F^ generation to show a higher range of variability 
than the jFi. 

When we pass to characters relating to pigmentation of the hair or 
skin, a wholly different situation is found. In respect to all of these 
characters, so far as determined, there are racial differences of con- 
siderable magnitude, while a comparison of the various hybrid genera- 
tions reveals many facts of genetic interest. 

Tail stripe. This longitudinal stripe of dark hairs is present on the 
dorsal surface of the tail in most species of Peromyscus, as well as in 
some other genera of rodents. It is, however, totally lacking in leuoo' 
cephaluSyl^Q tail of which is entirely white, and it is present in albifrom 
in a much reduced condition, or may be lacking altogether. It has been 
pointed out in earlier papers (1915, 1918, 1927, etc.; also Grinnell, 1922) 
that the relative width of this stripe undergoes interesting local variations 
within certain species. In general, dark races have a noticeably broader 
stripe than paler ones. In P. p. albifrons, and in certain hybrids where 
the tail stripe is usually incomplete, its length rather than its width has 
been determined, and this has been expressed as a percentage of the 
length of the entire (exposed) part of the tail. This percentage may vary 
from 0 to 100. Figures based on length alone do not, of course, ade- 
quately express differences in the degree of pigmentation of this stripe, 
since they represent only one dimension, whereas the stripe may be said 

^ In the case of foot length, certain of the generations are not available for parent 
offspring correlations owing to practical considerations which need not here he discussed. 
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to have three dimensions (that is, if the depth of pigmentation may be 
counted as one of these). Thus a ''100 per cent."’ stripe in albifrons is, 
gt best, much less of a stripe than is the 100 per cent, stripe found in 
most P. p- poUonotus, which is both wider and of a deeper shade. 
Furthermore, the stated length of an incomplete tail stripe is often 
merely a rough approximation, owing to the rather arbitrarily chosen 
termination, which is unavoidable in cases where scattered black hairs 
occur throughout much of the length of the tail After making due 
allowance for these difficulties, however, the length of the tail stripe is 
still to be regarded as a highly important character in the study of 
sub-specific hybrids in P, polionotus. Its range of individual variability 
far exceeds that due to observational error, and the genetic nature of 
many of the differences is obvious from an inspection of some of the 
graphs. 

An extraordinary difference is to be noted in the tail stripe length 
of the two local collections of albifrons used in the present hybridisation 
experiments. Whereas the East Pass collection gives values from 7 to 100, 
with a mean of 41*73, the series from Foster’s Bank for the most part 
lacks a tail stripe altogether, the highest value being 7. It is obviously 
necessary to treat these two groups separately. 

Text-fig. 2 shows the various generations which have been derived 
from crossing leucocephalus with East Pass albifrons. The mid- value 
between that of the two parental means (0 and 41*73) is about 21. We 
find, however, in the generation, a mean of 3*81, while shghtly more 
than half of this generation are of the 0 grade^. Thus, lack of a tail 
stripe is incompletely dominant over its presence, a fact which will be 
illustrated in a number of ways later. 

Comparison between the and Pg generations is highly instructive. 
Whereas in the former the highest value is 27, in the latter we have 
seven cases exceeding that value, while the highest reaches 96. The 
mean, likewise, has advanced from 3*81 to 9*33, while only 36 per cent, 
of the individuals are now of the 0 grade^. AU of these relations are, 
of course, in keeping with the above supposition that we have to do with 
an incomplete dominance of absence of tail stripe over its presence, and 
with the reappearance in the F^ generation of individuals which are 
homozygous for some of the recessive factors. 

Standard deviations have been computed for this character in the 

^ That this is not due to the accidental choice of parents having low-grade 

tail stripes is shown by the mean figure of the latter (weighted by the number of their 
ofepring). This figure is 4042. 

^ The weighted mean of the values for the parents is 4*29. 


19-2 



Text-%. 2. Tail stripe values for leucocephalus (0), albifrons of the East Pass series, and 
the various generations of hybrids. Here and elsewhere, the values given for length, 
of tail stripe represent percentages of the total exposed part of the tail. 
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varioiivS g 6 ii 6 rcitioiiS 5 tJiougli this is sc 8 <rcely a legitimate procedurcj owing 
to the extreme asymmetry of the distributions. It is obvious, however, 
that the variability is far greater in the generation than in the 

Back-crosses with the paler parent race (leucocephalus) give a mean 
value for the tail stripe of 1-22, while 90 per cent, of the individuals are 
of the 0 grade. For the ''grades” (7/8 leucocephalus), all but one of the 
forty-two individuals belong to the 0 grade, the single exception giving 
the lowest measurable grade ( 2 ). 

It is a matter of interest that the degree of dominance is nearly alike 
in the two generations in which it is possible to test this. Thus the mean 
value for the F^ generation (S- 8 ) is removed only nine hundredths of the 
distance from 0 to the weighted mean of the albifrons parents (4042), 
while the mean of the back-cross generation ( 1 * 22 ) is eleven hundredths 
of the distance from 0 to the weighted mean of the F^ parents of tliat 
generation (10*71)^. It happens that all of the back-cross parents of the 
"grades” lacked the stripe in any measurable degree, and this condition 
is virtually repeated in the latter generation. 

The limited series of crosses derived from albifrons of the Fo* '’s 
Bank series are far less instructive. Only four individuals out Ox 
collection were employed as parents, three of these having a tail strij^. 
of the 0 grade. The F^ hybrids between these and leucocephalus xmm^ 
bered only sixteen, while the F^ generation numbered twenty-nine, the 
back-crosses with leucocepJialus twelve, and the grades seventeen^. 
Certain of the relations shown by this series are contradictory, owing 
probably to the limited numbers {e.g, the lower variability of the F^ 
generation as compared with the Fj). It is significant, however, that 
the great majority of individuals, both in the F^ and Fg generations, are 
of the 0 grade, while the highest value in either generation is 5. The slight 
development of the tail stripe in the Foster’s Bank mice thus represents 
a hereditary difference. 

The point last referred to brings up the question how far, in general, 
these differences in the development of the tail stripe are hereditary. 
Within the East Pass series alone, the values range from 7 to 100 , while 
individuals giving values from 9 to 76 were mated with leucocepJmlus 
m parents of the F^ hybrids. It may seem that httle of an instructive 
nature can be learned from the use of such heterogeneous material. 

^ Several mice having relatively high tail-stripe values figured as the parents of a 
eonsiderahle proportion of the hack-cross generation, 

^ In addition to these last, there are twenty-one F^ individuals of mixed descent, 
these having both East Pass and Foster’s Bank grandparents. 
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However, there is abundant evidence that these sTMt rli-ff. 
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of the seventy-five in the generation, should be homozygous for the 
albifrons tail stripe factor. The number actually found lies between 
the expected numbers for two and for three factors. We shall find reasons 
for beheving that even that estimate would be too low. 

Foot pigmentation. Owing to the complete lack of pigmentation in 
the foot of lencocephalus, and its merely occasional presence in albifrons 
this character cannot profitably be considered in the present cross. 
Reference will be made here only to the higher mean value found in all 
of these generations of leucocephalus-alhifrons hybrids, in comparison 
even with albifrons itself. This fact will be referred to in connection 
with the next cross. 

Coloured area of the pelage. As stated above, the entire ventral and 
portions of the lateral surfaces of the body, in both leucocephalus and 
albifrons, are clad with hairs which are white from base to tip. In 
contrast to this area (peripheral in the flat skin), is a dorsal (central) 
region, in which the hair is pigmented, partly at the base only, but for 
the most part throughout its entire length. Thus, when examined by 
transmitted light, and viewed from the inside of the skin, a central, 
semi-opaque area is seen, which is bordered by a translucent margin of 
varying width. The former is constituted by all the pigmented hairs of 
the pelage, including both those which are pigmented at the base only, 
and those which are pigmented from base to tip. The semi-opaque area 
thus seen is usually outlined rather sharply, and may be measured by 
means of a planimeter. When stated as a percentage of the entire area 
of the animal’s skin it is a character of prime importance^. 

The mean value of this character in leucocephalus is 45-64, extreme 
variants ranging from 37 to 54. In albifrons of the East Pass series, the 
mean is 66-46, the range in variation being from 60 to 73. The albifrons 
from Poster’s Bank show a far lower value, the mean being 56*80, and 
the range from 52 to 61. Finally, the small Ono Island series (not used 
in the hybridisation experiment) give the high mean value of 72*87. 
Fortunately, most of the hybrids were derived from crosses with the 
East Pass series, in which the range of variability is relatively small 
and does not closely approach that of leucocephalus. 

Text-fig. 4 shows the behaviour of this character in the various 
generations of hybrids (excluding the Ff), while the means and standard 
deviations appear in Tables I and III. The mean value for the sixty-two 

^ Sumner (1926, 1927). Values thus obtained are obviously far from being absolute 
ones. Since the procedure is constant, they are, however, strictly comparable with one 
another.. 
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Text-fig. 4. Values for coloured area of pelage (here the area occupied by hairs pigmented 
at base) for leucocephalus, albifrom (of two local sub-races) and the various hybrid 
generations, exclucfing Cross-hatched sq[uares represent parents of the next 
generation. 


294 


Sub-species of Peromyscus 

mice (56-24) is very nearly an average of the weighted means of tlie 
leueocephalus and alhiffons parents. Thus, there is no appreciable ten- 
dency toward dominance in respect to this character. In accordance 
with the latter fact there has been no appreciable shifting of the mean 
in the generation. The slight difference found is probably of no 
significance. 

There is, however, an obvious and very considerable increase in 
variability when we pass to the second hybrid generation. The latter 
(seventy-four siins available) has a range from 38 to 69, with a standard 
deviation of 5*75, whereas these values, in the generation, range from 
50 to 63, giving a standard deviation of 3-04. The two lowest values in 
the Jg below the mean value for leueocephalus, while the three highest 
values equal or e;xceed the mean for albifrons^. 

In the back-cross (F^ x leueocephalus, in either direction), the fifty- 
eight animals show a range from 41 to 62, a mean of 51-64, and a standard 
deviation of 4-65. The mean is approximately midway between the mean 
of leueocephalus (wild generation) and that of the F^ generation, while 
the variability is higher than in the F^, though lower than in the F^. 
Four individuals give values equal to or below the mean for leueocephalus, 
while none reach the mean for albifrons. 

The small group (fifteen) of back-crosses with the other parent race 
(i.e. 3/4 albifrons) give a range of from 52 to 69, and a mean of 61*27. 
This figure is very nearly midway between the Fi mean and that of the 
East Pass albifrons. The albifrons parents and grandparents of this 
group were almost wholly East Pass derivatives. 

Of the second back-crosses or grades’’ (first back-cross x leuco- 
eephalus, in either direction), we have forty-one individuals, giving a 
mean of 48 and a standard deviation of 4-27. The mean is approximately 
midway between the mean of the back-cross generation and that of 
leueocephalus. 

Passing to the hmited number of hybrids involving the Foster’s 
Bank series oi albifrons, it is evident (Text-fig. 4) that the mean value 
of the coloured area for this series is much closer to that for leueocephalus 
than is that for the East Pass series. Accordingly, the generation of 
hybrids likewise gives a much lower mean. The relations between the 

and the first and second back-crosses are such as might be expected, 

^ Unless otherwise specified, the mean of the entire population of a given parent 
generation is intended. While the weighted mean of the actual parents is probably a fairer 
index of the latter’s genetic contribution, this has not always been computed, owing to 
the labour involved, as well as to the fact that such means commonly differ but little from 
those of the total population to which the parents belong. 
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considering the small numbers of individuals. The difference between 
the f 1 and means is unexpected, but this probably has no significance. 

The facts discussed in the last few paragraphs make it plain that the 
differences between leucocephalus and either strain of albifrons, in respect 
to the extent of the coloured area of the pelage, are not dependent upon 
a single pair of Mendelian factors. If we may assume that they are 
explainable on a Mendelian basis at aU, one naturally enquires whether 
the number of factor differences may be determined. 

It has already been stated that two individuals of the hum- 
c^ptefe5-East Pass cross fall below the mean value of leucocephalus. 
Indeed one gives a value as low as any but the palest single specimen of 
kuoocephalus. However, in view of the wide range of variation within 
kiicocephalus itself, it is more pertinent to ask how many animals 
give values equal to or lower than their own leucocephalus gfandparents. 
It happens that there are two such, these being the same two individuals 
as have already been referred to. One gives a value equal to that of its 
hucocephalus grandparent, the other a value one unit less. 

It would, of course, be unjustifiable to conclude forthwith that these 
particular two individuals, and no others, are pure segregants for the 
factors concerned in determining the racial differences in the magnitude 
of the coloured area. For, in the first place, even an individual having 
the same genetic constitution as a given ancestor would not necessarily 
agree with the latter precisely. It might give a lower or higher value, 
and a departure in either direction worJd be equally probable. We 
should not be warranted, therefore, in including only those individuals 
which equalled or surpassed their parents in respect to a given character, 
since this number would tend to be too low^. 

However, there is another circumstance working in the opposite 
direction. If we suppose that a number of factor differences are con- 
cerned here, it is likely that the various genetic classes in the segregating 
generations would overlap rather broadly, owing to non-genetic varia- 
bility. For this reason, an individual not homozygous for all of the 
colour-restricting factors derived from leucocephalus might nevertheless 
equal or surpass its leucocephalus ancestor in respect to the character 
in question. ^ 

Since we have no means of determining which of these two opposing 
tendencies would exert the greater influence, let us make the arbitrary 

^ The woiC. surpass is here employed in the sense of having a smaller value for coloured 
area than the leucocephalus ancestor, since leucocephalus differs in this direction from 
albifroM, 
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assumption that their effects would balance one another, and pro-* 
visionally count as pure leucocepJialus segregants (for these factors only) 
the actual number of individuals which give equal or lower values than 
their leucocephalus ancestors. 

Thus, as already stated, we have, in the present generation, two 
segregants supposedly ''pure'’ for the leucocephalus allelomorphs which 
influence the magnitude of the coloured area. This frequency (1 in 37); 
stands between the expected frequencies in cases where two and three 
pairs of Mendelian factors are concerned in a cross. However, in the 
other direction, it happens that not one of the individuals attains as 
high a grade as its albifrons grandparent. This would lead us to suspect 
that we have to do with more than two factor differences. 

Passing to the back-crosses with leucocephalus, we find but a single 
individual, out of a total of fifty-eight, which gives a lower value than 
the mean of its leucocephalus ancestors. This is not far from the, pro- 
portion of 1 in 64, which would be the expected proportion were six 
factor differences concerned in the cross. 

The "grades” (7/8 leucocephalus) yield seven cases, out of a total of 
forty-one, in which the extent of the coloured area equals or falls below 
that of their leucocephalus ancestors. Thus we have about 17 per cent., 
a proportion very close to that to be expected were six factors concerned 
(see Text-fig. 16). This is in close agreement with the figure indicated 
by the back-cross generation, but not at all in harmony with that which 
might be inferred from the number of leucocephalus segregants in the 
F^ generation. Needless to say, none of these figures have any great 
measure of probability, owing to the small numbers concerned, and to 
the further uncertain elements in the situation which have been referred 
to above. 

One weighty reason for believing that we have to do here with a 
considerable number of factor differences is based upon the distribution 
of cases in the population of "grades” {IjS leucocephalus). For purposes 
of comparison I have computed the expected proportions belonging to 
each phenotypic class, which would result from such a cross, on the 
supposition that we had to do with two to ten pairs of factors respec- 
tively The proportional numbers of these classes, expressed in per- 

^ The terms of this series are derived from the expansion of (1 +3)^, where % equals 
the nnmher of supposed allelomorphic pairs concerned. If the more heavily pigmented 
race (in this case albifrons) be represented as AABBGC,.,, eio., and the less heavily pig- 
mented race {ImcocBfhalus) be represented as aabbcc.,,, etc., the frequencies plotted in 
these graphs are those for genetic combinations containing the various possible numbers 
of capital letters, ranging from the completely heterozygous condition (AaBbOc.,,, etc.) to a 
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centages, are stown graphically in Text-fig. 16. It is evident from this 
figure that a very asymmetrical distribution is to be expected until 
about five or six factors are reached. Furthermore, the asymmetry is 
of such a nature that the mode is displaced in the direction of the pure 
race to which the hybrids have been successively crossed. Thus, in the 
present case, if only a few factor differences were concerned, the genetic 
classes which approach most closely to ''pure’’ leucocephahis should be 
piled up on one side of the distribution surface, while those classes which 
show the effects of the cross with albifrons should be present in gradually 
decreasing numbers, tapering off to a low minimum for the completely 
heterojgygous class, equivalent to the F^, 

This asymmetry is so marked in all of the polygons up to those for 
five or six factors that it should manifest itself even in the small popu- 
lation (forty-one individuals) with which we have to deal in the present 
case, and even when we take account of the considerable amount of 
non-genetic variability and of probable departures from the ideal scheme 
assumed in the preceding footnote. A glance at Text-fig. 4 shows that 
nothing of the sort has occurred. The distribution is approximately 
symmetrical. This same fact wiU be referred to again in connection with 
another character in the present cross, and with both characters in 
another cross. 

Considerable asymmetry is to be noted in the small series of Foster’s 
Bank crosses, but this asymmetry is not of the type which is called for 
by the considerations here discussed, and it is likewise manifested in 
generations where it should not occur. The relations are probably 
accidental. 

In the foregoing argument, both leucocephalus and albifrons were 
treated provisionally as if they were genetically homogeneous in respect 
to the character under consideration. As might have been anticipated, 
this is distinctly not the case, a fact which serves to further complicate 
the picture presented to us. 

Parent-offspring correlations for the "pure” races and the various 
generations of hybrids have been computed for this and some other 

condition homozygous for the leucocephalus factors {aabbcc,,., etc.). Any strict comparison 
between these polygons and the frequency distributions in an actual 7/8 cross involves, 
of course, several assump tions, viz. that A a is approximately midway between J. A and aa ; 
that the efiects of A, C\ etc. are approximately equal; and finally that all of the “capital” 
genes belong to one of the two sub-species, while all of, the “lower case” ones belong to 
the other. Since, however, we are not trying to determine the actual number of factors 
concerned, even roughly, but merely endeavouring to set a minimum value for these, I 
believe that the foregoing objections may fairly be waived. 
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characters. The weighted mean of these coefScients of correlation be- 
tween the successive generations (excluding that between and 
is -f 0-375, The degree of correlation is doubtless somewhat increased 
by the fact that the derivatives of the local sub-races of alUfrons 
not been segregated from one another in these computations^. 

The correlation between selected groups of individuals and their 
#3 offspring (see p. 282) is + 0*751. The high value of this coefficient is 
due to the fact that three groups, representing the extremes of shade 
and the medium condition, were selected, and were subjected to assor- 
tative mating. The effect upon the correlation was, of course, much the 
same as if several pairs of pure leucocephalus smd albif Tons h.B>i been 
included among the Jg parents. 

Graphs (Text-fig. 6) showing the distribution of these offspring of 
selected F^ parents are instructive^. The wide differences between these 
group means is obvious. 

Red. This is the value of the reading obtained through the red colour 
screen in the Ives Tint Photometer. It is expressed as a percentage of 
the light which is simultaneously reflected from a standard white block 
(magnesium carbonate). The value obtained with the red screen is 
employed in preference to those obtained with either of the others used 
by me merely because it is the highest of these values. In the present 
discussion it is employed merely as an index of the paleness or darkness 
of the pelage, high values denoting pale skins and vice-versa^. 

From Table I and Text-fig. 5 it appears that leucocephalus gives a 
mean value for this character of 25*4, the individual figures ranging 
from 20 to 37. The Bast Pass collection of albifrons gives a mean of 
17*17, the range being from 13*5 to 20. There is no overlapping between 
the actual parents of the generation, the lowest value for le^icocepliahs 
being 21*5, the highest for being 19. 

The mean value of the Poster’s Bank albifrons is 16*07, that of the 
fifteen Ono Island skins being 14*51. 

In the Fi generation of the leucoc€phalus-Ea>Bt Pass cross we have 
a mean value of 19*32, the extremes being 15*5 and 24. The mean here 

^ Tte computations were well under way before the extent of these local differences 
was realised, and it has not been thought worth while to repeat these laborious calculations. 

® Selections based upon the inspection of living animals, before their pelage measure- 
ments are known, are necessarily inexact. 

® For an extended account of my procedure in using this instrument, see Sumner (1927), 
Let me repeat here that the colour values obtained in these studies are not absolute ones, 
nor do they approach the accuracy required in physics. All that is claimed is that the 
figures are reasonably comparable for the various series of skins here considered. 
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wMch will be found to be even more pronounced in the hticocephalus-’ 
poUonotus cross to be described below. It is of interest to recall that 
this is just tbe reverse of tbe relation manifested in tbe case of tail stripe 
length, in wHch the unpigmented condition is incompletely dominant 
over the pigmented. This situation is the more curious, since depth of 
coat colour (which is merely the reciprocal of the value of ''red”) is 
positively and strongly correlated with tail stripe. 

In the F 2 generation we meet with the following sahent facts. The 
mean is 20*66, being thus somewhat higher than the mean for the 
generation as a whole (19*32), and still more so in comparison with the 
weighted mean of the parents of the animals (19*14). This difierence, 
which appears to be significant, is in the expected direction, representing 
a shift in the direction of the recessive condition. The same relation has 
already been noted in the case of tail stripe, and will be met with again 
in the leucocephaluspolionotus cross. 

More important still is the increase in variability. The standard 
deviation for "red” has risen from 1*50 in the F^ to 2*61 in the F^. 
Likewise, the upper limit of the range has risen from 24 to 31*5, there 
being two individuals far exceeding the mean condition in leucocephahs. 
The lowest values, however, are the same in the two generations. 

In the back-cross between the F^ generation and leucocephaluSj we 
have a mean value for fifty-eight individuals of 23*4, and a standard 
deviation of 2*99. The highest single value is, however, no higher than 
in the F^ generation. The small series (fifteen) comprised in the back- 
cross with albif Tons IB not comparable with the others, since two of the 
collections of albifrons are represented in their ancestry. 

The “grades” (7/8 leucocephalus) give a mean value of 26*17, which 
is close to that for “pure” leucocephalus, while nearly half of the total 
number eq^ual or exceed, in this character, the mean value for the 
latter race. 

The conditions shown in the limited number of crosses between 
leucocephalus and the Foster’s Bank series of albifrons are evident from 
inspection of the graphs. The same tendencies are manifest as in the 
East Pass derivatives, the difierences being due (1) to the much smaller 
numbers in the former series, and (2) to the considerably lower mean 
value for "red.” 

Considering, as previously, the proportion of seemingly "pure” segre- 
gants in the various hybrid generations, we find that in the Fg generation, 
three individuals of East Pass lineage give a value equal to and three 
a value higher than the leucocephalus grandparent. If these six were 
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regarded as segregants wHcli were pure for the leucocephalus factors 
(see p. 296) we should have about one out of twelve in the total popu- 
lation, i.e, more than the expected number, if only two-factor differences 
were concerned. 

Conversely, four individuals equal or fall helow the value for the 
grandparent, Le, about one in eighteen. 

Among the back-crosses, we have twelve out of fifty-eight which 
would be ''pure^’ segregants according to the suggested criterion,- a 
proportion which would likewise correspond roughly with a two-factor 
ifierence^. 

Passing to the ''grades,’’ we have nineteen individuals out of forty- 
one (about 46 per cent.) which reach or surpass the mean of the leuco- 
cephdus ancestors. The expected proportion of pure segregants resulting 
from such matings is 42-2 per cent., on the assumption that we have to 
do with three factor differences. 

Thus, if the foregoing reasoning were to be accepted, we should have 
a character difference between these two sub-species which depends upon 
two or at most three principal pairs of Mendelian factors. This is quite 
unexpected in view of the fact that racial differences in the extent of 
the coloured area were found to depend almost certainly upon a con- 
siderably greater number of factors than this, and of the further fact, 
to be discussed later, that these two "characters” are probably de- 
pendent, to a large extent, upon the same factors. 

Inspection of the distribution polygon for the generation of "grades” 
(Text-fig. 6) reveals no more evidence of a pronounced asymmetry of 
distribution than was to be observed in the distribution of values for 
"coloured area” (p. 297). As judged by this criterion, a moderately 
large number of factor differences must be concerned in the case. An 
effort to reconcile these various contradictions will be made after the 
other crosses have been considered. 

Parent-offspring correlations comparable with those computed for 
coloured area (see above) give a weighted mean for the various genera- 
tions (excluding the correlation between Fg and F^) of -f 0*264. This is 
a considerably lower figure than that for coloured area (0*376), a fact 
which probably depends upon the higher proportion of non-genetic 
variabihty in the character "red,” as derived from tint-photometer 
readings of the pelages. 

^ Of these twelve, it is to be remarked that nine have as their mother (and likewise 
11 some cases as grandmother) the same leucocephalus individual, and that the value of 
red” for this individual is considerably below the average. 

Joum. of Gen. xxm 
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The correlation between tbe selected series of animals and tbeir 
f^paients is + 0-743. This is slightly, though not significantly, lower than 
that for coloured area. Text-fig. 6 gives the distribution of values in 
the ofispring of each group of selected parents. 

Since ''red'’ is here used as an index of the paleness of the 

pelage, the reciprocal of this j may be regarded as indicative of the 
depth of pigmentation. The total amount of pigment in the pelage is of 
course roughly proportional to the coloured area multiplied by the 
density of pigmentation, i.e. A x This is, of course, far from 

being an exact quantitative expression for the amount of pigment 
present, and in any case it is obvious that we are not dealing here with 
another character, independent of both "coloured area" and "red," 
even supposing that the last two are independent of one another. 

Of the two parent races here considered, leiicocephalus gives a mean 
value of 1*82, .alhifrons (East Pass series) a mean value of 3*9. The 
figures for the weighted means of the actual parents are 1*72 and 3*95 
respectively. The mean for the F^ generation is 2*93, that for the Jg 
being 2*82, which is slightly nearer the value for the paler of the two 
races (leucocephahis). The expected increase of variability in the second 
hybrid generation is to be observed here. Conditions with respect to 
the back-cross generation and the grades are made evident in Text-fig. 7 
and Tables I and III. 

■ A quest for cases in which hybrid descendants have equalled or 
surpassed (here fallen below) their leucocephalus ancestors in respect to 
the value of ^ results in contradictory findings. Whereas the number 

of supposedly pure segregants in the F^ generation points to the presence 
of not more than three factor differences, the proportion among the 
grades is about that for six factors. The distribution of frequencies in 
the latter generation (Text-fig. 7) likewise points to a relatively large 
number of factors. 

The weighted mean of the parent-offspring correlations for the 
two pure races here involved, and for the various hybrid genera- 
tions (excluding that between F^ and JP 3 ), is + 0*312. This is intermedi- 
ate between the figures for coloured area and red. The correlation 
between the selected F^ parents and the F^ generation is + 0*762. It 
was thought possible that this fraction ~ would prove to be a better 

; Sumner, 1929 g was used in the former paper I shall here designate the area of 
hair pigmented at the base by the area pigmented at tips being designated as 

• 20-2 
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index of genetic difierences in pelage pigmentation than either of the 
values from which it is derived. It is evident that this is not the case. 

The exact meaning of this fraction has been explained in my 

recent paper on technique (1927), and need not be discussed at any 
length here^. Briefly speaking, the fraction represents an index of 
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Text-%. 7- Values for fraction: coloured area -f- red, and for index of saturation, in 
leucocephalus, alhijrons (East Pass series), and hybrids (excluding Jg). 


^ Since there is no “free” blue or violet in the pelage of a mouse, the reading with 
the blue- violet screen (F) represents the amount of non-selective reflection, the amount 
of “white” light wMch is reflected from the akin. M-V represents the amount of “free” 
red, after deducting that which is present as a component of the white light. In the papf?r 

» 30 TT 

referred to, this fraction was written “ — formula here employed accords 


better with algebraic notation, since PF (“blue- violet”) is a single <][uantity. In my first 

paper on the poliomtue group (1826), I employed a different index . 
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saturation as regards red. Higli values indicate a ricHy coloured skin 
(brown or yellowish), low values an approach to neutral grey. It will 
be found that these differences relate to a ''character’’ which is to a 
considerable degree independent of the other pigmental "characters.” 
Pale pelages may vary greatly in their richness of colour, and the same 
is true of dark ones. Certain correlations exist, however, between 
saturation and shade, as will be pointed out. 

Lemocephalus, owing in part to the presence of large numbers of 
white hairs within the coloured area of the pelage, gives a low average 
value for this fraction (27-66); albifrons giving much higher values 
(Bast Pass, 42*02; Poster’s Bank, 37*6; Ono Island, 30*73). Only the 
East Pass derivatives will be considered here. 

In the Fi generation we have a mean of 36*90, which does not differ 
widely from the mid-point between the means of the parent races 
(34*84). When, however, we compare the mean with the weighted 
mean of the, actual parents of the generation, we have a considerably 
greater difference (35*90 — 31*44 = 4*46), This would seem to imply a 
partial dominance of the more richly coloured condition over the greyer 
one, a relation which will be found to hold with yet greater force for 
the leucocephalus-poUonotus cross. 

The F 2 mean (35*94) is almost exactly the same as that for the 
but there is a marked increase in variability, the standard deviation 
being 6*02, as compared with 4*33. The mean value for the back-cross 
generation is 33*60, this likewise being a figure far in excess of the mid- 
value between the weighted means of the leucocephalus and the Fi 
parents of this generation (29*38). The mean for the grades (30*85), 
however, is very close to the weighted mean of their parents (31*08). 

Decidedly curious relations are encountered when we consider the 
number of F^ individuals which equal or surpass their grandparents in 
respect to this "character.” On the one hand, there are five individuals 
out of seventy-four which give values equal to or lower than their 
htmcephalus grandparents; on the other hand, thirty-nine individuals, 
or more than 60 per cent., give values equal to or higher than their 
albifrons grandparents ! Furthermore, even in the generation, there 
are two individuals which fall below their leucocepTialus grandparents, 
and eight which equal or exceed their albifrons grandparents. 

There are doubtless genetic factors concerned here which influence 
the degree of saturation of pelage colour, independently of its shade. 
Of this further evidence will be offered below. Likewise, the fraction 

^ The weighted mean of the parents of the F^ generation i s 33-97, 
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seems to be tbe only means at band of expressing these difierences 
in degree. But tbe value of this fraction appears to depend upon such 
a variety of unknown factors that little of a definite nature bas thus far 
been learned of its relation to tbe inheritance of pelage colour. Perhaps 
tbe explanation offered in tbe concluding section (p. 368) for the un- 
expectedly high number of seemingly pure segregants affords the best 
clue to this situation. 

That tbe proportion of non-genetic variabibty is much higher than in 
tbe case of tbe colour characters hitherto considered is evident from a con- 
sideration of parent-offspring correlations. Tbe weighted mean for the 
leucocephalus-albifrons series (pure races and hybrids, excluding 
is 0*094; that for tbe coefficients being + 0*381. ^ 

Segregants shoiving aggregate pure-race^' pelage characters: It has 
been shown for each of tbe pigmental '' characters” thus far considered 
that a certain number of individuals, in the various segregating genera- 
tions of hybrids, reach or surpass the degree of depigmentation found 
in their own leucocephalus ancestors. Thus far, one ‘'character” at a 
time has been considered. It is of interest now to enquire how many 
individuals in each hybrid generation reach or surpass the mean of one 
or the other parent race in respect to the entire complex of pigmental 
characters. In other words, what proportion, if any, of our segregants 
may be fairly classed as average leucocephalus ox albifrons in respect to 
coloration^? 

For this purpose, it would obviously be improper to include as 
“average” only those individuals which reach or surpass the parental 
mean value for every one of the characters. For such a standard would 
exclude all but a small proportion of individuals in a stock of the pure 
race itself 2 . Accordingly, in considering leucocephalus segregants, a 
limiting value was chosen for each character such that 4/5 of the parent 
stock of this race would be included. In the case oi albifrons, the 
limiting value for each character was such that 5/6 of the parent stock 
would be included. The reasons for this procedure are as follows. 

^ The fact that thirteen, and eleven individuals, respectively, out of seventy-four 
(18 and 15 per cent.) fall within the extreme limits of leucocephalus and albifrons, in 
respect to all of the pigmental characters, is of little significance in view of the fact that 
even in the F^ generation 16 and 7 per cent., respectively, fall within these limits. 

^ Thus, if half of the individuals of a race exceed the mean in respect to character A, 
only a fourth will exceed the mean in respect to both A and 5 (supposing that the two are 
not correlated); only an eighth in respect to .B and (7, etc. Correlation will increase 
these probabilities somewhat, of course, but the correlations here considered are not as 
a rule high within the pure races. 
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fifty-eiglit which conform to the standards that have been set for an 
‘'average'’ leucocephalus. Eight other individuals would have been in-- 
eluded except for the excessive value for Here, again, it must be 

pointed out that there is no lack of individuals in this series (there are 
twenty-one out of fifty-eight) which fall within the limits set for this 
character. 

Among the grades, nine out of forty-one animals measure up to the 
required standards for all of these characters. Of the twenty-two which 
fall within the limits in respect to coloured area, only five fail to do so 
with respect to red, w^hile eleven fail to do so with respect to the index 
of saturation. This in spite of the fact that nearly 60 per cent, of this 
entire lot of animals fall within the limits with respect to the latter 
character. 

I have likewise looked into the number of possible albifrons segregants 
in the generation^, as judged by the standard referred to above. 
There is not one individual among the seventy-four which falls within 
the limits set in respect to all of the pigmented characters, although six 
of them would do so except for their giving too low values for the index 
of saturation. 

To sum up the preceding enumeration^ there is not a single indmdm\ 
in an F^ population of seventy f our ^ which measures up to the standards 
set either for an leucocephalus or an average albifrons, in respect 

to nggregate pigmental characters. In the first hack-cross with leucocephalus, 
five individuals showing average characters for the latter race appeared m 
a population of fifty-eight. In the second hack-cross grades''), there are 
nine cases in a population of forty-one. 

It must not, of course, be supposed that such an enumeration as the 
foregoing reveals the exact number of segregants which are pure for all 
leucocephalus colour factors. It merely gives an approximate answer to 
the question: How many individuals are there in which segregation is 
so nearly complete that they equal or surpass^ the average leucocephalus 
phenotypically? 

One circumstance which was noticed during the life of the animals 
is reflected in the figures which have here been considered. This is the 
fact that most of the paler variants among the F^ and back-cross genera- 
tions (including grades) are of a distinctly richer colour than leucocephalus, 
with which they would otherwise be closely comparable. That this is not 

^ The number of offspring derived from back-crosses with albifrons is too small to be 
considered here. 

^ J.e. surpass it in the direction away from albifrons. 
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due to any lack of segregants having a low index of saturation has 
already been pointed onth It is due to the complete absence, in these 
hybrid generations, of any positive correlation between pallor and low 
saturation, such as obtains in leucocepJialus. Quite the contrary, we 
meet with a positive correlation between pale shade and rich colour in 
both the Fi and generations of this cross. 

The question naturally arises whether the leucocephalusAike deri- 
vatives of the leucocephalus-albifrons cross agree with the former race 
in characters other than pigmentation. The other racial differences upon 
which stress has chiefly been laid are length of tail and foot. But these 
differences concern mean values only. The distribution frequencies for 
both characters overlap broadly in the two races. No such detailed 
analysis of these values seems desirable here as was presented in the 
case of colour characters. It need only be stated that the five back-cross 
individuals above referred to, as well as the nine among the grades, fall 
within the range of leucocephalus with respect to both tail and foot 
length, while in an actual majority of these cases the measurements of 
tail and foot equal or exceed the mean values for these members in 
kucocephalus. 

Correlations, Considerable attention has been devoted to correla- 
tions between the various characters thus far discussed. Table V presents 
such coefficients as have been determined for the parent stocks and for 
the various crosses. Correlations between various characters and size 
(body length) have likewise been computed, though they are not here 
included. The latter render possible the computation of ‘^corrected” 
values for various characters which are strongly influenced by size. 

The facts revealed by the correlation coefficients and graphs (Text-figs. 
8, 9, 10), so far as the leucocephalus-albifrons (East Pass) cross is con- 
cerned, may be summarised as follows : 

(1) All linear measurements (tail, foot, ear, pelvis, femur, skull 
length, skull breadth), as well as weight, show, as might have been 
anticipated, rather high positive correlations with body length in nearly 
all of the populations here considered. In general, there are no differ- 
ences of interest, in the magnitude of these correlations, between the 
various races or generations of hybrids or between the sexes^. 

^ Nor is it probably due to any effects of captivity. Tbe mean index of tbe Oi leuco> 
cepJialusm slightly Zo^^Jer than that of the ‘‘wild” generation of leucocephalus, though slightly 
higher than the weighted mean of their own parents. 

2 There is a moderately strong probability of a correlation between body length and 
the number of caudal vertebrae, when both the leucocephalus-albifrons Qi>rid the leuco- 
cephahs-poUonotus seneB a,m considered. There are eleven positive coefficients out of 
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(2) There are no constant correlations between body length and 
any of the pigmental characters. Occasional single figures are of 
moderate statistical significance, but the relations shown by the various 
series are so contradictory that the existence of any true correlation is 
doubtful. 

As regards the correlations between various characters, other than 
body length, I have restricted the computations mainly to characters 
which difier in the races that have been crossed. 

CORRELATIONS 
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Text-fig. 8. Correlations between coloured area of pelage (abscissas) and tail stripe 
(ordinates) in albifrom (the three local collections being distinguished). 

(3) An undoubted positive correlation exists between tbe length of 
the tail and foot. This is true not only of the “gross” but of the “net’^ 
correlation, i,e. that which remains when the influence of general body- 

fourteen (the fourteen groups being the males and females of the three pure races and of 
the and generations of two crosses), while the weighted mean of the fourteen coeffi- 
cients (based on 454 individuals) is -f 0-142. 
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in the Fi generation. In the majority of cases, they are largest of all in 
the Jg generation, derived from selected jPg parents (p. 282). Thus the 
correlation between coloured area and red is — 0-326 in the jj, rising to 
— 0-682 in the and — 0-788 in the F^. It is significant, though of 
moderate magnitude, in both leucocepJialus and alhifrons. 

It Y 

(8) Correlations between tlie index of saturation and tie 
other pigmental characters are less easy to generalise. In leucocephalmj 
the correlation with red is negative, but in alhifrons it is strongly positive, 
as is the case with the and'jFg generations of hybrids. In the 

back-crosses (3/4 Uucocephakis), on the other hand, the coejGhcient is 
practically 0, while in the grades (7/8 lemocephalus) it is negative. Thus, 
with an increasing proportion of leucocepJialus ''blood,” we have an 
approach to the relation found in the latter race^. Correlations between 
this index and coloured area have, in general, an opposite sign to corre- 
lations with red, though this is not true in all cases. It must be repeated 
that the genetic relations of this character are more obscure than those 
of the other pigmental characters here discussed. 

The facts considered under (6) and (7) make it plain that the various 
colour characters therein considered are either manifestations of identical 
genetic factors, or at least are dependent upon closely linked factors. 
This subject will be discussed after the other crosses have been considered, 

Eegarding the correlations between length of tail stripe and other 
pigmental characters, it must be said that the calculation of coejB0.cients, 
according to the customary procedure, is not strictly legitimate, owing to 
the extreme asymmetry of the distributions (Text-fig. 2). The reahty and 
magnitude of these correlations wiU, however, be realised by reference 
to Text-figs. 8 and 9. An interesting exarnple of this intimate relation 
between the extent of the coloured area and the degree of development 
of the tail stripe is found in plotting the correlation between the values 
of coloured area in the lemocephalus parents and of tail stripe length in 
their F^ ofispring (Text-fig. 3). A distinct positive correlation seems to 
be manifested, despite the fact that the tail stripe is always wholly 
lacking in 

^ The negative correlation in leucocephalus is probably due, in part at least, to a detail 
of procedure. Pelages in which the dorsal coloured area is small allow of the inclusion 
of considerable margins of the whitish lateral region within the rectangular area from 
which the instrumental reading is taken. The latter is of constant size for all pelages. 

® This relation is even better shown in the cross, next to be 

considered. 
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(6) leucocephalus-polionotus series, 

(Text-figs. 11-24; Plates VIII, IX, XI.) 

Tables II and IV give tbe mean values and standard deviations for 
the parent races and hybrid generations here concerned. As akeady 
implied in the preliminary account of these sub-species (pp. 279-81), 
plionotus differs much more widely from leucocephalus than does albi- 
Jrons. There are significant differences in both tail length and foot length, 
the latter being particularly striking in proportion to the variability of 
this member. There is, however, a considerable amount of overlapping 
in the frequency polygons for tail length in the two races, though this 
is almost entirely lacking in the case of foot length, at least when 
corrected values are considered. As regards degree of pigmentation, on 
the other hand, none of the measured characters based upon this show 
any overlapping whatever. In other words, the palest polionotus is more 
deeply and extensively pigmented than is the darkest leucocephalus. 
This is well shown in the graphs (Text-figs. 14, 17, 18). There are also 
certain differences which are absolute ones rather than differences of 
degree. Thus in poUonotus (at least in the population here considered) 
the tail stripe invariably extends from base to tip, and is otherwise well ' 
developed, while the soles of the feet of the great majority of individuals 
are more or less heavily pigmented. In leucocephalus^ both tail stripe 
and foot pigmentation are entirely lacking^. Likewise, in poUonotus, the 
fentral and lateral parts of the pelage consist of hairs which are pig- 
mented throughout the basal half or more of their extent, while in 
hucocephalus the hairs of most of this area of the body are entirely white. 

Hence more of interest might reasonably be expected from the cross 
between leucocephalus and poUonotus than from that between leuco- 
cephahs and albifrons. We may add to this the fact that there are larger 
numbers of comparable individuals in the present series, since the 
poUonotus stock was obtained in one locality, and there is thus no 
necessity for subdividing the hybrid generations according to ancestry, 
Tbe various measured characters will now be considered in order, as 
before. 

Body length m.di weight. Here, as before, there are probably no 
significant differences between the two sub-species in size. Nor is there 
any real evidence of heterosis in the hybrids. 

Tail length. As before stated, this appendage is longer m lewco- 

^ In a few (7i individuals faint traces are recorded, but this may be due to my having 
adopted a slightly more exacting standard for the 0 grade in my later determinations. 
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cepMlus, the mean difference being nearly 3 mm. Tbe condition in both 
hybrid generations is intermediate. 

Foot length. This, as above stated, is distinctly greater in leuco- 
cephalus, the mean difference being about 1-2 mm. Here again, the first 
and second hybrid generations are intermediate, though the males of 
the F 2 generation for some reason show an appreciably greater foot 

d 9 
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Foot Length (Corrected) 

Text-fig. 11. Length of foot in leucocepTialus, polionotus and hybrids. The values for thia 
character have been corrected for a standard body length of 80 mm. Males and females 
are dealt with separately, owing to marked sexual diSerences. 



length, than those of the (Text-fig. 11). As regards the relative 
variability of these two generations, the two sexes show opposite rela- 
tions, the standard deviation for the females being lower in the second 
than the first. Capricious results are not surprising in the case of foot 
length, in view of the sensitiveness of this member to nutritional and 
other environmental conditions, and to the large proportion of non- 
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ttese parents give a weighted mean of 18-81, wMch is fairly dose 
to that of the generation as a whole. 

It is, as previously stated, hardly legitimate to compute standard 
deviations for a character with such asymmetrical distribution. These 
figures are, nevertheless, given in the tables. But it is much more 
profitable to compare graphically the behaviour of this character in the 
various hybrid generations (Text-fig. 12). In both the and .Fg we have 
values ranging from 0 to 100. But whereas in the the percentage of 
extreme cases (0 and 100) is in each instance 5-2, in the F^ the percentage 
of these extremes is 11 and 12-8 respectively. There is, furthermore, a 
considerable increase in the proportion of the larger values in the fg 
generation, a fact which is responsible for the higher mean. 

Back-crosses with leucocephalus give a mean value of 2-04, while 
55 per cent, are of the 0 grade, and the highest value is 13. In the small 
group of back-crosses between F^ hybrids and poUonotus, the mean is 
45*19, while none reach the 0 grade, and three reach the grade of 100. 

In the group of grades (7/8 leucocephalus), the mean is 1-49, while 
71 per cent, are of the 0 grade. In this case, the highest single value 
is 14, which is slightly higher than that in the first (3/4) back-cross. 

In successive crosses with leucocephalus there is no consistency in 
the degree of dominance of the stripeless condition over its presence, 
complete or partial. 

It has been seen that the hybrids between polionotus and leuco- 
cephalus agree with the “pure’’ race albifrons in possessing a commonly 
incomplete as well as a highly variable tail stripe. In the former case, 
as in the latter, it is a matter of interest to determine to what extent, 
if any, these individual differences are hereditary. . 

Considering first the F^ generation, we cannot of course correlate 
differences of tail stripe here with corresponding differences in tlieir 
parents, since, in every case, one parent possesses a complete stripe, 
while the other lacks it altogether. But we obtain highly interesting 
correlations between the magnitude of the coloured area in the parents 
of each race and that of the tail stripe in the hybrid offspring (Text- 
fig. 13)^. It is of interest that a higher correlation is shown here with 
the leucocephalus parents than with the polionotus ones, although the 
former race lacks the tail stripe altogether. These relations furnish addi- 
tional evidence for the common genetic basis (or at least close hnkage) 
of tail stripe and coloured area (see p. 291). 

^ Coefficients of parent-offspring eorrelation cannot profitably be computed for tail 
stripe length, for reasons already indicated. 
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Correlation 
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spring^ The mean values of tail stripe length for the ^^pale/’ “medium^’ 
and '‘dark'’ groups are 1*6, 25-7 and 92-7 respectively. The weighted 
means of the parents of these groups are 0-6, 17*5 and 100 respectively 
(Text-fig. 12). 

It is interesting that the high correlation between these two genera- 
tions is due chiefly to the presence of the "dark” and "pale” groups. 
Within the largely heterozygous "medium” group, little or no parent- 
ofispring correlation is to be detected, just as was the case when we 
dealt with the offspring of the generation. It is thus plain that the 
“pale” and "dark” groups, both in the F^ and F^ generations, represent 
stocks which differ rather widely from one another genetically. They 
result from a partial segregation, in the gamete formation of the F-^ 
generation, of colour factors derived from leucocephalus and poUonotus 
respectively. 

It should be evident by this time that the differences between average 
members of any two of our races are wholly genetic, while differences 
among individuals of the same race are only partly genetic, and in some 
cases may be preponderantly non-genetic. 

Foot pigmentation. The mean value of this character for the parent 
generation of polionotus is 1*47, that for leiicocepJialus being 0. The 
figures for the Fi and F^ generations are 1*06 and 0*83, respectively, 
both of these being above the mean for the parent races. The successive 
back-crosses give 0*48 and 0*31 respectively 2 . The variability of the 
Fi and F^ generations is nearly equal. 

That individual differences in the degree of foot pigmentation are in 
part genetic has been shown for other species (Sumner, 1923 a; Sumner 
and Huestis, 1925). In the present case, the weighted mean of the 
coefficients of parent-offspring correlation for pure polionotus and for 
the successive generations of leucocephalus-polionotus hybrids is -f- 0*295. 

Coloured area of the pelage. It is impossible to make an exact com- 
parison between the mean values of the parent races for coloured area, 
since different measurements have been taken in the two cases. The 

^ See p. 291. It is probable that in this case the extent of the tail stripe was one of 
the factors which influenced my selection of the individuals as “pale,” “medium” or 
“dark.” This circumstance would of course tend to increase the correlation. 

^ It is questionable whether there is any dominance here of the more highly pigmented 
condition. There are reasons for believing either that the degree of foot pigmentation is 
somewhat aflected by the conditions of captivity or that a slightly different standard was 
employed with the later series of animals than with the original stocks. Thus, the CJi 
generation of P. p. polionotus gives a mean value of 1-97. All of the sub-species of 
Permiy sous polionotus have relatively low grades of foot pigmentation, as compared with 
P. mankulaPuSy md the task of grading is correspondingly difficult. 
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only one wHch can be determined accurately in tbe case of leucocephalm 
is tbe area of hairs pigmented at the base (Ai). In folionotus, on the 
other hand, this area ’would comprise practically the entire pelage. The 
coloured area of the latter, therefore, is the region of hair which is 
pigmented to the tips, i.e. the area of coloured hair which is -visible when 
the sMn is viewed from the outside {A^}. It has seemed desirable, 
nevertheless, to obtain approximate values for Af in hucomphalus &ni 
Ai in polionoius in order to render possible crude comparisons between 
these two races. Ten shins of the former sub-species (five of each sex) 
gave a mean value for A^ of 33*6; ten skins of the latter a mean value 
for Aj, of 93-3. 

For the Fi and generations of hybrids both of these measurements 
were made. In the case of the back-crosses and grades, however, only 
was determined as in leucocephalus. 

The mean values and standard de-viations for these measurements in 
the and F 2 generations are as follows: 



( '■ t ^ 

Mean cr Mean a 

68*33 6-46 54*46 4-89 

69*12 13-87 54*34 9*02 

Thus j while the mean values in these two generations agree fairly closely, 
there is a very great increase of variability in the second hybrid generation. 

Text-fig. 14, which gives the distributions of and for the parent 
races and certain hybrid generations, reveals in a striking way the extent 
of this increased ‘^spread” in the generation, as well as various other 
features of interest. It will be seen that whereas no single JFi individual 
falls within the range of leucocephalus for , sixteen individuals, or 
about 15 per cent, of the generation, fall within these limits. Of these, 
two individuals fall below the mean value for leucocephalus. 

At the opposite extreme, there are no individuals which reach the 
approximate mean (93) which was derived from the measurement of 
ten polionotus skins (see above), although there is a considerable group 
which approach this value. There results from this last circumstance a 
distinct bimodal appearance in our frequency polygon, with a secondary 
mode not far below the polionotus mean. That this appearance is not, 
however, due to any simple segregation, relating to a single pair of 
allelomorphs, is probable from the following considerations. (1) These 
exceptionally high values are due to the presence of basally pigmented 
hairs throughout virtually the whole of the ventral pelage, as in polio- 
notus. In many other pelages pigmentation is likewise present in the 
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central hair, but it is so faint as to be invisible or nearly so when the 
sMn is viewed by transmitted light and measured with a planimeter. 
Only when this pigmentation becomes very distinct is it comprised 
within the , as here measured, and in such cases the entire area, to the 
periphery of the skin, is commonly included; hence the relative discon- 
tinuity in the distribution of values. On the other hand, even in the 
individuals comprised in this secondary mode, the pigmentation is 
usually less intense than in that of most polionotusK ( 2 ) When we take 
the other measurement of coloured area, Af (Text-fig. 14, upper part), 
we find no such appearance of a bimodal distribution. Yet these two 
characters are closely correlated (+0*891, in the F^), and probably 
depend to a large extent upon identical factors. 

From the figure it appears that three individuals of the back-cross 
with leucocephalus fall below the mean of the latter race for coloured 
area, while twenty-eight individuals among the grades, or 61 per cent., 
fall helow that mean. 

The small group of back-crosses between and poUonotus (not 
figured) give an unexpectedly low value (68*07) for This might be 
intelligible if the values of the individual parents were considered. 

Considering the graphs for the other measurement of coloured area 
(ij), we find five F^ individuals which fall within the range of polionotus, 
but none which approach at all closely the mean of the latter. In the 
Fg generation, however, fourteen individuals, or 13 per cent., fall within 
the limits of polionotus, while two surpass the mean value of the latter. 
At the opposite extreme three individuals nearly or quite reach the 
approximate mean which was determined for leucocephalus. 

When we compare each individual with its own leucocephalus ancestor 
(or the mean of these, where more than one is concerned), instead of 
comparing it with the mean for the entire leucocephalus population, we 
have the following situation. In the F^ generation, we find one indi- 
vidual, out of 108, which gives a value for ^5 equal to that of its leuco- 
cephalus grandparent, and one individual which gives a value for At 
which probably exceeds that of its polionotus grandparent 2 . If these 

^ An endeavour to divide the material into classes, with and without an obvious 
amount of pigment in the ventral hair, proved to be entirely futile. Nor has it proved 
worth while to grade these pelages according to “pigmentation of ventral hair,” as was 
done for local collections of wild material in a recent paper (Sumner, 1929). Inspection 
has revealed no instructive relations here. 

^ The pelage of this polionotus ancestor is not available, owing to premature death, 
but the value for this particular F 2 , pelage is equal to that of the highest known polionotus 
used for breeding. 


Colored Area (Base) ■ 

Text-fig. 14. Genetic beIia¥iour of the coloured area of the pelage (both determinations) 
in the UucMeplialus-poUoTwtus cross. Parents designated by cross-hatched squares, 
as before. ■ ■ , 
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PercentagesofPhenotypic Classes * 

FROM SECOND BACK-CROSS (|GRADEs) 
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Text-fig. 15. Theoretical distributions of the various phenotypic classes in a second back- 
cross to one of the parent stocks, following a cross between two races (see footnote 
onp.296). 
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two were regarded as ‘'pure’’ segregants, the number would be between 

the expected proportions for three and four factors respectively, iimong 

the back-crosses (3/4 leucocefhalus) are four out of sixty-six which fall 



below the mean of their own leucocephalus ancestors. This is almost 
exactly the proportion for four factor differences. Finally, among the 
grades (7/8 leucocephalus), we have twenty-four individuals out of fifty- 
five which equal or fall below their leucocephalus diiLce^tom, This is 
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44 per cent., a value very close to the exnec+Arl r,. 

three factors. proportion {42.2) for 




«t Z Moated number 

or four. On the other “*enon adopted provisionally) being three 
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a massing of tlie values on the left-hand side of the polygon for the 
''grades’' (Text-fig. 14), as would be expected were so few factors con- 
cerned (Text-fig. 15). I shall return to this subject later. 

It is desirable, as before, to determine to what extent individual 
difierences in the values for this character are hereditary. The weighted 
mean of the various coeiSficients of correlation between the generations 
of the pure races {leucocepJiahis and polionotus), and of the hybrids 
(exclusive of that between F 2 and F^) is -f 0*294. This is considerably 
lower than the similar figure for the leucocephalus-albifrons Beim 
(-f 0*375). The difference is perhaps due to the heterogeneous nature of 
the albifrons stock, included in the earlier computations. On the other 
hand, the correlation between the selected pairs of F^ parents and their 

offspring is + 0*917. 

G-raphs showing the distribution of values among these F^ animals are 
instructive (Text-fig. 16). Of significance is the much greater range of 
the "medium” group, as compared with either of the others; also the 
reversed unilateral arrangement of the other two groups. The first of 
these relations may be noted in the case of the leucocephalus-albifrons 
cross (Text-fig. 6, coloured area, but not red). It is probably due, at 
least in part, to the greater heterozygosity of F^ individuals of inter- 
mediate shade, as compared with the more extreme types. 

This greater spread of the F^ "medium” group is even more con- 
spicuous in the case of the Ajy values, but the unilateral arrangement of 
the ‘"pale” and "dark” groups is much less evident (not figured). 

Red. It will be seen (Table II and Text-fig. 17) that the mean values 
for this character are far apart, being 25*4 and 9*55 for leucocephahs 
and polionotus respectively. Moreover, the extreme values do not 
approach one another at all closely, despite the high variability of 
leucocephalus. The mean value in the F^^ generation represents a mucb 
darker shade than the mid-point between the parental means, being 
14*44 instead of 17*5. There is thus a tendency toward dominance on 
the part of the polionotus factors which control shade. The slight, thougli 
perhaps significant, increase in the F 2 mean over the F^ is in the expected 
direction (seep. 300)^. 

Of more certain significance is the increase of variability in the 
generation as compared with the jFi (2*05 and 1*43 respectively). In 
comparison with the leucocephalus-albifrons cross, however, this increase 

^ It is possible that some of the differences between successive hybrid generations, 
in respect to this character, are due to non-genetic agencies. Oa>ge-hTQd polionotus appear 
to be slightly paler {i.e. have a higher mean value for red) than their “ wild” parents. 
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fifty-five grades, seven (12-7) equal or exceed the ® the 

kucocephalus ancestors. On the samf^ values of their 
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risen from 3-5 to 6-8 in the Fj,, to 2-4 to 8-8 in the F^. The standard 
deviations are 0-66 and 1-53 respectively. Despite this great increase 



in variability, however, it will be seen that even the lowest value in 
the F^ generation barely falls within the range of leucocephalus (Text- 
fig. 18 ). 
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The tot second back-crosses rth Imcoc^Mus show a n» 
gressive skft of the mean toward that of the latter 
variability is equal to or less than that of the generation 
back-cross, thirteen individuals fall within the rano-e f 7’ ^ 
dthougl none reach the nrean of the latTr. 

(“gBdes”) tktty-nine, or 71 per cent., fall within the ranee 
«,iato, while th^en, or 34 per cent., equal or fall below tte^^f 

Sir ■* *•“" «“ W 

Comps^g the enteeme indiwidnjs, as before, with their own nure 
,« mcestois we fmd that not one J. indiwidnal fdls bdow it, C 
,pM« gi^dparent although one give, a higher value th^i £ X 

ni ’>“*“<>“» faMt-h out of sinty-five X 

or M below the mean of their hucocepUu, aneestom, while 

grades fourteen reach this level. If the individuals in the^ lasTtwo 
™ were counted as pure kucooepMu, segregants (at least for X 
facte), the number, are m e«,h ease such a, might be erpeeted ta” 
cross mvolving five factor differences. ^ 

Eeference to the histogram for the grades (Text-fig. 18) shows that 
..have no certte tendency toward a massing of the MividuaZn fte 
left-hand side of the area. That the asymmetry which is undoubtedly 
present here ha, no special signiioance is probable from the CX 
such asymmetry m even more evident in the case of the J, anTbS 

croMyinetations,wheteitwa,nottobeeipected. 

-5- ^ bo biis ratio, which represent, the richneai of colour 

or TOnversely the greyness) of the pelage, polionotus does not difier so 
widely from fe™pW„, a, does despite the vastly grelte 

lormer are 36 18 and 27-66 respectively. Furthermore, there is a much 
gi'Xv'lower specimens of polionotus aotuaUy 

LLig thlXe X anIIS'^^““ X*®' “ 

fnr fiai-c, 1 4. ’ s,nd back-cross groups show a mean value 

means. This is in keepmg with the observed fact that even the palest 
7 1 ^ toward a richer brown than is commonly met 

cepMus’. of saturation is about the same as in leuci- 
ne usual increase of variabihty is to be seen here, in passing from 

^ See p. 308, 
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the J’l to the F 2 generation. The standard deviation, in this case, rises 
from 4*4:9 to 6*05. 

Segregants showing aggregate '"pure-mce'' pelage characters. Let ns 
consider, as before, tbe number of individuals in each of these genera- 
tions which measure up to the standards of an average leucocephalus, in 
respect to all of the colour characters taken collectively, For this pur- 
pose, I have adopted the same procedure as was done for the preceding 
cross, namely, choosing such limiting values for each of three characters 
that approximately half of a population of pure leucocephalus ■worAA 'he 
included (see pp, 306-7). As judged by this standard, not a single specimen 
among the 106 pelages can fairly be regarded as average leucocephalus. 
In only three cases does the coloured area fall within the prescribed 
limits. All three of these individuals are excluded, however, both by 
reason of too low values for red and too high values for the index of 
saturation. One of them, likewise, has a trace of tail stripe, and two 
have foot pigmentation of about the average grade for poUonotus, 

Among the ofispring of selected parents, thirteen individuals 
out of eighty-two fall within the prescribed limits in respect to coloured 
area But all of these individuals have too low values for red, and 
all but one too high values for — to allow of their inclusion as 

‘^average” leucocephalus. Half of them likewise show a low grade of 
foot pigmentation, and two have vestiges of tail stripes. 

Among the sixty-five individuals derived from the first back-cross 
with leucocephalus, nine fall within the limits for coloured area, but all 
of these must be excluded by reason of their values for red or or 

both. In addition to this, the majority display a low grade of foot pig- 
mentation, and one possesses the trace of tail stripe. It may be recalled 
that, in the leucocephalus-albifrons cross, five individuals out of fifty- 
eight conformed to the requirements for all of the pigmental characters. 

It is only when we pass to the grades (7/8 leucocephalus) that we 
meet with specimens which measure up to the standards prescribed for 
an average leucocephalus. Here we have eleven cases out of fifty-five 
which fall within the limits in respect to all of the pigmented characters. 
Thirty-two cases would be included, if only the coloured area were con- 
cerned, but twenty-one of these fail to conform in respect to one or more 
of the other characters. 

Here, as previously, it is a matter of interest to know whether those 
individuals which fall within the limits of an average’’ lemocephahs 
in respect to colour characters do so likewise in respect to other racial 
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differences, such as tail and foot length. It has not been regarded as 
desirable, for these characters, to apply standards of the sort which 


Correlations 

COLORED AREA (TIPS) 

AND 

TAIL STRIPE 

teucocepholus-polionotus 

hybrids 


Text-%. 19. Correlations between coloured area (abscissas) and tail stripe (ordinates) in 
throe generations of Uucocephalus-poUomtus hybrids. 

were employed for colour characters. However, it may be said that 
none of these eleven individuals which reach or surpass the ‘'average'’ 
Journ. of Gen. XXIII 22 
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cottditioE (as earlier defined) in respect to colour characters fall appre- 
ciably below the mean of leucocephalus for tail length, and that sevea 
of the eleven reach or surpass the mean for foot length^. All he well 
within the limits of variation of the latter race. 

Keturning to the generation, we may now enquire whether any 
of these measure up to the standard set for an average poliomtmK 
There are only four individuals which fall within the hmits in respect 
to the value for coloured area. ISTone of these, however, conform to our 
requirements as regards the other characters. All show too high a value 
for red, all but one too low a value for the index of saturation, and all 
but one too low a value for foot pigmentation. In addition, two of the 
four possess incomplete tail stripes, whereas all of the parent stock of 
poliomtus have complete ones. 

Correlations. The first four paragraphs in the summarised statement 
under the leucocepJialus-albifrons series hold, with but slight modifica- 
tions, for the present one. As regards the second of these we must note 
a possible exception in the case of foot pigmentation, which is negatively 
correlated with body length (— 0*205 to -- 0*225) in poUonotus and in 
three of the hybrid generations for which this has been determined 
(0, however, in the fourth of these, as well as in the crosses next to be 
considered). 

With respect to the fourth item (Text-figs. 19, 20, 21), the present 
series furnishes a greater number of illustrative cases than the former 
series, since certain coeflBicients were computed here which were not 
computed for the others. Thus, there appear to be significant correla- 
tions (having the ‘^expected” sign) between foot pigmentation and the 
other pigmental characters. This had been regarded as questionable in 
my earlier studies of other species (Sumner, 1923, 1925; Sumner and 
Huestis, 1925). 

Passing to the fifth of the items previously discussed, we have in the 
jPg generation five coefficients of correlation between tail length and 
pigmental characters, all of which are of the sign which would be expected 
if there were a tendency for the original racial combinations to reappear. 
In view of the low value of most of these coefficients, and the fact that 

^ They thus conform, in reality, to a much more exacting standard than was employed 
for the colour characters. 

T? — V 

® By setting such limits for each of four characters red, foot pigmentation) 

as "would include 6/6 of the poUonotus population, if applied singly, it was found that 
approximately half (47 per cent.) of the specimens of this race fell within these limits in 
respect to all four characters. The included values, for each character, were naturally those 

which tended in the direction away from 
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EO sucli tendency is evident in tlie larger series, these might be dis- 
missed as chance results were it not for the similar situation in the cross 

next to be considered. 

As regards foot length, however, the relations are such that it is 
difficult to attribute them to chance. Of the forty-four coefficients which 
express the degree of correlation between this character and the various 
pigmental characters, in the two parent races and five series of hybrids 
(the sexes being treated separately), the signs of thirty-three are such 
as to favour the hypothesis of genetic association. Moreover, this pre- 
ponderance of expected’’ signs is due chiefly to the F^ and F^ genera- 
tions, in which we have nineteen out of twenty cases of this sorth 
A closely similar situation, it will be recalled, was encountered in the 
Uucocephalus-albifrons cross. 

I have referred to these signs as being the “expected” ones, merely 
in the sense that they accord with a particular interpretation of the 
facts. In reality they were quite unexpected, on the basis of earlier work. 
As has been stated previously (Sumner, 1926), I have hitherto found no 
evidence of a correlation between any pigmental character and the 
length of any bodily member, although two characters belonging to 
either of these classes might be strongly correlated with one another. 

Owing to the interest which attaches to these correlations between 
foot length and pigmental characters, if they are real, it is of importance 
to exclude any possible source of error. Let us enquire, therefore, whether 
these correlations may not be spurious ones, so far, at least, as any 
significant biological relationship between these characters is concerned. 

The possibility of obtaining by random samphng thirty-one coeffi- 
cients out of thirty-two^, having the “expected” sign, would appear to 
be so remote that any thought of this being a chance result seems absurd. 
It must be repeated, however, that the evidence is far from being wholly 
cumulative, owing to the fact that the various pigmental characters here 
considered are for the most part rather strongly correlated with one 
another, especially in the F^ and F^ generations. It might be suggested 
that we had here a purely accidental correlation between foot length 
mdi pigmental chamcters in general. Accordingly, it has seemed worth 
while to determine by the method of partial correlation whether, for 

^ Of tlie parent races, leucocephalus shows no tendency of tins sort, whereas all of the 
coefficients computed for poUonotus in the “expected” direction. For the hybrid 
generations (excluding the F2 and F^) the results are about equally balanced. 

- These are the numbers in the F^ and Fq generations of both crosses, previously con- 
sidered. The situation in the poUonotus-albifrone cross, discussed below, further strengthens 
this evidence. 
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example, any correlation, is manifested between foot lengtli and colonred 
area, independently of the correlation between the former and red, and 
conversely, whether the correlation with red is to any extent independent 
of that with coloured area. In the first case (eliminating the inflnence 
of red), onr four coefidcients (F^ and Jg, male and female) retain the 
same signs as previously, though in all cases but one they are so reduced 
in value as to be statistically non-significant when taken singly. In the 
second case (eliminating the influence of A^) three of our four coefficients, 
while greatly reduced, retain the same signs as previously, while the 
sign of one (previously low) is now reversed. 

It thus appears that while much of this correlation between foot 
length and the various pigmental characters results from a rather close 
correlation among the latter, there is none the less evidence for an 
independent correlation between the first-named character and certain 
of the latter ones, taken separately. 

But even if all of the pigmental characters were completely corre- 
lated, the probability of such a series of coincidences would be very low, 
since we are dealing with two generations of two crosses, and in each 
case the sexes have been treated separately. We should thus have eight 
independent cases, aU giving the expected’^ sign, a situation against 
which the odds would be 255 to 1. 

If it be objected that the JPg generations merely reproduce selected 
samples of the F^i and consequently do not furnish evidence independent 
of the latter, it is sufficient to point out that the parent-ofispring corre- 
lations between these generations in respect to foot length are low, being 
0*114 for the leucocephalus-albifrons and 0*298 for the leucocephalus- 
polionotus one. Without resorting to the laborious process of computing 
the partial correlation between foot length and each pigmental character 
in the F^ generations (the effects of correlation between these in the 
F 2 being eliminated), it is clear that no considerable part of the correla- 
tion in the former generation can be due to the accidental choice of 
f’g parents having this particular combination of characters. 

Another circumstance which doubtless favours the existence of corre- 
lations between foot length and pigmental characters, in certain cases, 
is the fact that both may be correlated with general size (body length). 
In the case of foot length, this correlation with body length is universal, 
and the coefficients are usually high. With pigmental characters, on the 
other hand, while coefficients of fair magnitude are sometimes found, 
the relations are so inconsistent that the influence of size cannot be 
definitely affirmed except possibly in the case of foot pigmentation. 
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It seems worth, while, however, to determine the degree of correla- 
tion between foot length and foot pigmentation, after excluding the 
influence of body length. I shall confine myself to the generation of 
the leucoee'phalus-folionotus cross, since the coefficients are both very 
low, one indeed furnishing the only instance in either F^ or F^ genera- 


CoRRELATlONS 

COLORED AREA(TIPS)AND FOOT LENGTH (CORRECTED) 
leucocephalus-poiionotus hybrids 
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Text-fig. 23. Apparent correlations as in Text-fig. 22, except that coloured area (tips) 

has been plotted. 


tioHs of a coefficient with the wrong’’ sign. Appl 3 ?ing the method of 
partial correlation, we find that the coefficient for the males is reduced 
from — 0*307 ± 0*09 to — 0*234 ± 0*09, while that for the females 
is reduced from ~ 0-390 ± 0*10 to - 0*327 ± 0*10. Thus these two 
coefficients, involving the only pigmental character which gives any 
appearance of being influenced by size, retain a considerable degree of 
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probability after this influence has been eliminated T 
cases, moreover, partial correlation comnutatin«<. ’ o^^ier 

ft. ooeffioient.. Eefeenoe to ft, 2“’“ M 
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After making allowance, tkerefore, for all tkese qualifying circinn- 
stances, it still seems probable that we have a correlation, wMobis not 
purely accidental, between foot length and the various pigmental eia- 
racters with whicli we have dealt, in the and generations of botli 
of the crosses thus far considered. The evidence above presented is 
strongly reinforced by that derived from the poUonotuS’-albifrom cross 
next to be considered. 

The sixth paragraph of the summarised statements concerning corre- 
lations in the previous cross applies, mutati$ mutandis^ to the present 
one. The correlations between the various pigmental characters are in 
nearly all cases of the “expected’' sign; that is, we meet with a tendency 
toward the same association of colouif characters within the single popu- 
lations that is encountered when we compare one geographic race with 
another {e.g. darker individuals, as well as darker races, tend to have 
more complete tail stripes, etc.). That the correlations between foot 
length and pigmental characters, in the F^ and F^ generations, correspond 
to the manner in which these characters are combined in the parent 
races has already been pointed out. Such an apparent genetic associa- 
tion is perhaps surprising in the crosses involving albifrons, since in this 
sub-species foot length may undergo marked local variation, to a large 
degree independently of pelage colour (see footnote on p. 281). 

The statements regarding the relative magnitude of the correlation 
coefficients in the F^, F^ and generations (paragraph 7) likewise hold 
with even greater force for the present cross^. Except for cases involving 
the index of saturation, the correlations among the pigmental characters 
for these three generations form a series of increasing magnitude. The 
most striking instance of this, in the present case, relates to the corre- 
lation between the two measurements of coloured area {A^, and Af), 
These rise from -f 0458 in the Fj^ to + 0-891 in the F 2 and + 0-951 in 
the jPg. As has already been stated, consistent correlations between foot 
length and pigmental characters are met with only in the F^ and 
generations. In the present cross, these coefficients are with a single 
exception higher in the F^ generation than in the jFg. 

Finally, the facts regarding correlation between the index of satura- 
tion and other pigmental characters may be expressed in much the 
same language as for the preceding cross. The meaning of some of 
the differences in the value of the coefficients is not clear, but the fall 
of the correlation with red from -f 0-700 in the to -f 0-864 in the 

^ Huestis (1925, p. 464) reports several instances of increased correlation between 

hair characters in tbe gfioifiration. 
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back-crosses with leucocephalus, and to - 0-177 in the grades (7/8 leueo- 
cepJialus), is in accordance with expectation, and agrees with the trend 
shown in the leuoocephalus-albifrons cross (p. 314). 

(c) The pohonotus-albifrons series. 

(Text-figs. 25-27.) 

The results from this series are less satisfactory in a number of ways 
than those from the two previously discussed. (1) Only two hybrid 
generations were reared, there being an generation, and back-crosses 
with each of the parent races. (2) Albifrons of both the East Pass and 
the Poster’s Bank collections, and ones of mixed descent, were used 
indiscriminately, and it has not been practicable to separate the de- 
rivatives of the two sub-races, as has been done in the case of the leuco- 
cephalits-albifrons cross There are, nevertheless, various points of con- 
siderable interest to be noted in connection with this series of hybrids. 

It is not worth while to consider the behaviour of all of the various 
characters in turn, as has been done for the two preceding crosses. 
I Hbah accordingly pass over the linear measurements of bodily parts 
and proceed directly to the discussion of pigmental characters. 

The mean value of the tail stripe in the F^ generation (63-95) is about 
midway between those of the parent races (100 and 31-31)^. This is in 
striking contrast with the results of crossing either of these races with 
leucocephalus. It will be recalled that the stripeless condition of the 
latter sub-species is dominant, though incompletely so, over the con- 
dition found in either albifrons or polionotus. Back-crosses with the two 
parent races give mean values of 44-04 (alhifrons) and 85-45 (polionotus) 
respectively. It will be seen from the graphs that there is an enormous 
range of variabihty within each series (Textrfig. 25). 

The behaviour oi foot pigmentation is less intelhgible. Whereas the 
mean values in the wild polionotus and alhifrons respectively are 1-47 
and 0-07 (1-97 and 0-25 in the Ci generations), we have a value of 1-44 
in the Pi generation, and 1-75 and 0-98 respectively in the back-crosses 
with polioKote and albifrons. Attention has already been called to the 
deeper foot pigmentation of cage-bred series of these mice (p. 321). This 
fact, together with a partial dominance of the deeper pigmentation, 
would explain the results fairly well. 

^ Likewise, no skeletons have been prepared of the poUonotus-albiJrons series, 

^ (cage-bred) animals were here used as parents both of the the back-oross 

generations. But the data for many of the (7i series of alhifrons are unfortunately 
incoinplete, to such an extent that the mean values for actual parents cannot be profitably 
computed. 
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the presence and absence of basal pigmentation in tbe ventral bair^ 
Sncb being tbe case, interesting relations might have been expected witb 
regard to this character. But nothing very instructive is to be observed. 
In the Fi generation it is probable that all individuals display at least 
a trace of such pigmentation, while most of them display much more 
than this. In the back-cross with polionotus the hairs of the ventral 
region, in practically all specimens, are plainly pigmented at the base. 
An enumeration of the 3/4 albifrons specimens, on the other hand, shows 
that twenty-five belong to the 0 grade, while the remaining twenty-six 
display conditions ranging from ''trace'’ to "pronounced.” Here we 
might be disposed to find an excellent case of a 50 : 60 ratio. But the 
significance of such an interpretation is largely nulhfied by the existence 
of a very strong fraternal correlation for this character. Thus, within 
the single fraternities, there is very little evidence of "splitting.” 

In the present cross, no general increase in variability is evident in 
the back-cross series, as compared with the . This is curious, in view 
of the evidence for segregation in the back-cross generation which will 
be offered shortly. 

Of the sixty-seven individuals resulting from the back-cross with 
polionotus, eight have values for coloured area which equal or exceed 
those of the means of their own polionotus ancestors. This would be 
almost one in eight. However, the significance of this fact is rendered 
uncertain by the circumstance that four out of eighty-two individuals 
in the F^ generation have values which equal or exceed those of their 
polionotus ancestors. I have not looked up individual pedigrees for the 
values of red. 

The back-cross with albifrons will not be considered here, owing to 
the fact that comparable measurements are not available (see above) 

Parent-offspring correlations between certain generations have been 
determined, but only for foot pigmentation and coloured area. In con- 
formity with my earher procedure, I have computed the weighted mean 
of the correlations between "wild” and Ch generations of the parent 
races, between the parent races and the Fi generation, and between the 
latter and the back-cross generations. The first-named character gives 
a mean value of -h 0*116, the second -f 0*422. 

All of those correlations between various characters which were found 
to be indubitably present in the two preceding crosses are manifested in 

^ Sumner (1929). 

® It likewise happens that half of the albifrom ancestors of this series died prematurely, 
so that measurements of these characters were not obtained. 
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tJje present series. In both of the back-cross series, aggregating 127 indi- 
viduals, there is a consistent correlation between the length of tail and foot 

Correlations 

TAIL STRIPE AND tail; BODY RATIO 
polionoius-albifrons hybrids 



BACK- CROSS (|P0LI0N0TUS) 




Ai'ij’vDOO 2 


BACK- CROSS (I-ALBIFRONS) 



Text-fig. 27. Apparent correlations between tail stripe (abscissas) and relative tail length 
(ordinates) in polionoius-albifrons cross. Where the number at a given locus is too 
great to be represented by individual dots, this is indicated by the figure in the circle. 


and the various pigmented characters. Coefficients were computed for the 
correlation between the length of each of these members and the four 
pigmental characters— tail stripe, foot pigmentation, coloured area (4 i) 
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and red. For the correlations involving foot length the sexes were dealt 
with separately. There are thus twenty-four coeflScients. It will be noted 
that in every case but one (this being non-significant), these coefficients 
are of the sign which would be expected on the assumption that racial 
differences in these two classes of characters tend to segregate together 
Thus tail and foot length are negatively correlated with tail stripe, foot 
pigmentation and coloured area, but are positively correlated with red. 
The latter value, it will be recalled, is a measure of the degree of pallor 
i.e. of the absence of dark pigment. 

It is curious that this preponderance of expected'’ signs occurs 
among the back-crosses, in the polionotm-albifrons series of hybrids, 
whereas, in the two preceding series, it was displayed only by the 
and generations, not being evident in the back-crosses. Also, it is as 
evident here in the case of tail length as in that of foot length, which 
was not true of the previous crosses (see Text-fig. 27). 

One qualifying circumstance must here be mentioned. Examination 
of individual pedigrees reveals the fact that a certain proportion of this 
correlation is due to the employment of two different strains of albifrom, 
as parents of these back-cross generations. Thus, as stated earlier, the 
East Pass strain possesses shorter feet and more extensive coloured area 
and tail stripe than the Foster’s Bank strain, and these differences persist 
in their descendants, whether pure or hybrid. But it is likewise clear 
that this circumstance is responsible for only part of the correlations 
here considered, and that it has no effect, or even a reverse one, in some 
of the cases. The statistical force of this array of coefficients is thus 
somewhat weakened, but it is by no means destroyed^. 

Aside from the facts just considered, it must be repeated that these 
twenty-three coefficients do not have an altogether cumulative value, 
since tail and foot length are correlated with one another, on the one 
hand, and all of the pigmental characters are correlated on the other. 

{d) An interspecific cross. 

As stated above, one F-^ female was derived from a cross between 
P. manimlatus sonoriensis Sbnd P. polionotus leucocephalus. This icmde 
was successfully mated with a male leucocephalus and with a male 
P. maniculatm gamhelii. The former back-cross yielded two offspring, 
the latter thirteen. 

^ The circumstance here referred to does not, of course, afiect either of the crosses 
previously considered. Only the East Pass derivatives have been considered in dealing 

'with tlxe leucocepMlus-albipons QTOss. 
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Certain facts relating to these hybrids are of considerable interest, 
despite the small numbers of animals concerned. The single female 
plainly displays characteristics derived from both of the species which 
entered the cross. In body length, it is at least equal to an average 
adult female sonofiensis, i.e. to the larger race^. In tail and foot length, 
on the other hand, it is intermediate, but in the former character it 
stands much nearer the average for the shorter-tailed leucoeephalus. 
Tail stripe is almost completely lacking, having a value of about 3 per 
cent, of the exposed part of the tail. Here, as in the crosses previously 
considered, lack of tail stripe is dominant, though imperfectly, over its 
presence. It is always complete in normal specimens of sonoriensis. The 
coloured area is paler than in any except the palest sonoriensis^, and its 
extent is greatly reduced, in comparison with the latter race, both on 
the head and the body. The influence of leucoeephalus is further mani- 
fested in the presence of an extensive ventral area having hair which is 
white throughout its entire length. This condition is not present in any 
member of the maniculatus series, so far as I am aware. As in the case 
of hucocephalus, alhifrons and the majority of hybrids considered in the 
foregoing pages, there is a region of hairs which are pigmented only at 
their basal zone, lying between the externally visible coloured area and 
the area of pure white hairs. 

Passing to the thirteen offspring resulting from back-crossing with 
maniculatus, the coat colour of the majority would be matched very 
closely in a collection of sonoriensis skins, though the shade of the darker 
individuals lies closer to gamhelii^. The ventrolateral whitish areas of 
most of them are, however, paler and more extended than in any speci- 
mens of the latter race. But, in every case, this area consists of hairs 
which are pigmented fairly heavily at the base. The most interesting 
feature of these back-cross animals relates, however, to the tail stripe. 
Of these thirteen individuals, six have a complete and normal tail stripe, 
though in one case this is not very intense, as not infrequently happens 
even in pure maniculatus^. Seven individuals, on the other hand, have 
very incomplete tail stripes. Five of these terminate short of the middle 

^ The maniculatus group, as a whole, comprises mice of much larger size than the 

jioUonotus grou.^. 

- It may be closely matched in. shade by many albifrons, 

® Gambelii md sonoriensis overlap rather broadly in respect to general shade* Data 
are not at present available for satisfactory quantitative comparisons between the latter 
races and these hybrids. 

* No measurements of the width of the stripe were taken. It appears, to the eye, to 
be slightly narrower than in gambeliL 
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of the tail, while in all cases the stripe is very faint, and consists of 
scattered black hairs. To the eye the tail stripes here comprised this 
fall into two quite distinct classes, and the ratio is as near the traditional 
50 : 60 as is possible with these numbers. If this case stood alone, we 
might easily recognise here a rather clear case of the segregation of a 
character difference dependent upon a single pair of Mendelian factors. 
But the lack of any such simple segregation in crosses between the much 
more closely related races previously considered renders this interpre- 
tation highly questionable. 

The two specimens derived from the back-cross with leucocepkalm^ 
as might be expected, resemble the latter race much more closely. They 
were skinned when less than 3 months old, so that the pelage is not fully 
mature. That of one may be matched fairly well by some of the darkest 
specimens of leucocephalus; in the other, the coloured area is much too 
extended to allow of such comparison. It is of possible significance that 
the member of this brood (both are males) which resembles leucocephalus 
closely is also much smaller than the one which is less Hke the latter. 
Likewise, the length of both tail and foot in this smaller specimen is 
considerably less, both relatively and absolutely, thus approaching rather 
closely, in these respects, the means for leucoce^halus. It is unfortunate 
that circumstances prevented the rearing of further hybrids between 
these species. 

V. SuMMAKY AND GENERAL DISCUSSION. 

It is possible that the reader who has examined the foregoing data 
may have been more impressed by the inconsistency and inconclusiveness 
of some parts of the evidence than with the decisiveness of other parts 
The criticism may be brought with some justice that we are dealing 
throughout with too many variables. It would of course have been far 
preferable, had this been possible, to maintain the same environmental 
conditions, including food, as are normal for these animals in a state of 
nature. Likewise, for the purposes of the hybridisation experiments, at 
least, it would have been far preferable to deal with genetically homo- 
geneous stocks. However, these things were not practicable, though I 
realise their desirability as much as any critic. Let us, then, make the 
most of what we have. 

Before proceeding to discuss some of the broader problems here 
involved, I shall introduce an itemised summary of the results presented 
in the foregoing pages. 

(1) The geographic races of mice, chiefly here considered, differ from 
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(8) Dominance is strikingly shown, however, in the case of one 
character, tail stripe. Lack of tail stripe is dominant, though incom*' 
pletely so, over its presence, this phenomenon being clearly illustrated 
in two inter-racial crosses, and in one inter-specific cross. This dominance 
is of the “fluctuating"’ type, there being an enormous range of variability 
in the first hybrid generation (at least in the sub-specific crosses). 

(9) Dominance is less strikingly shown in the case of another pig- 
mental character, relative pallor or darkness of the pelage, represented 
by the value for “red” (R) in the preceding pages. A dark pelage (indi- 
cated by a low value for R) is incompletely dominant over a paler one. 
There also appears to be a tendency toward dominance of a richer 
coloration of the pelage over a greyer one, as indicated by values of 

the fraction 

(10) The facts cited in the two preceding paragraphs are rather 
unexpected, inasmuch as the degree of development of the tail stripe is 
negatively correlated with “red” {i.e, positively correlated with depth 
of pigmentation). Yet presence of tail stripe is recessive, while depth of 
pigmentation tends to be dominant. 

(11) In the case of the first two of these characters which display a 
partial dominance, there is a shifting of the mean in the recessive 
direction in the'jFa generation, as compared with the 

(12) In no case does our evidence indicate that a racial difierence in 
respect to any distinguishable character is dependent upon a single pair 
of Mendelian allelomorphs. This is evident from an inspection of the 
graphs. In the one instance in which we have the appearance of a 
secondary mode in the F^, generation (Text-fig. 14) it was shown that a 
one-factor interpretation was quite improbable. Likewise, the seeming 
presence of a single factor having visible effects upon the tail stripe, in 
the inter-specific cross (p. 350), is very doubtfully open to such an inter- 
pretation. 

(13) That genetic segregation occurs, none the less, in respect to 
one important class of characters at least, is conspicuously shown by the 
graphs for the various measurements of the intensity and extensity of 
pigmentation, as well as by the relative magnitudes of the standard 
deviations for the Fj^ and F 2 hybrid generations, as shown in the tables. 
It is most conspicuous in the widest of these crosses {leucoGephalus- 
polionotus), though quite pronounced in the leucocepJialus-albifrons cross. 
The two back-cross generations show rather erratic relations in this 
respect. 

(14) As regards the hnear measurements of body parts, there is, on 
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wMch readies or surpasses its own particular ancestor (or ancestors) of 
one or another race, in respect to a given character. 

(18) That most of the estimates above given, aside from their 
manifest inconsistencies, are too small would seem to be indicated by a 
comparison of the histograms for the ''grades” (7/8 leucocepJialus) with 
the theoretical distribution of values in a generation of this composition 
(Text-fig. 16). 

(19) In the leucocepJialus-alUfrons cross 15 and 18 per cent, respec- 
tively of the J’2 individuals fall within the extreme range of one or the 
other parent race in regard to all of the pigmental characters here con- 
sidered, taken collectively. About two-thirds as great a proportion, how- 
ever, fall within these limits, even in the generation. In the wider 
leucocepJiakis-polidnotus cross, on the other hand, not a single individual 
in either of these generations falls within the hmits of leucocepJialus for 
all of the pigmental characters, although three F 2 individuals fall within 
the hmits of polionotus. 

(20) If we seek for individuals which measure up to the "average” 
condition of one or another of our pure races in respect to the ensemble 
of pigmental characters {i.e. a standard which would include half of 
the population of a given pure race) we do not find a single such case in 
the F 2 generation of either of our two principal crosses. A number are 
excluded from one or the other class in the leucocephalus-albifromcxo&B^ 
only because they fail to conform to the standard set for the index of 
saturation. Thus, the richness of coloration has been found to be in- 
herited to a considerable degree independently of either the depth or 
the extensity of pigmentation. Five out of fifty-eight back-cross indi- 
viduals, and nine out of forty-one, among the grades, in the leucoeephalus- 
albifrons cross, conform, however, to the standards set for an "average” 
leucocepJialus, In the hucocephalus-polionotus cross we do not meet 
with any cases of this sort until we reach the grades, among which we 
find eleven out of fifty-five which may be rated as "average” hum- 
cephalus. 

(21) In both pure races and hybrids the length of certain members 
(tail, foot, ear) is found to be positively correlated, even when the 

' influence of general body size has been ehminated by the method of 
partial correlation. Longer tailed individuals, like longer tailed races, 
tend to have longer feeth There are, however, no significant diflerences 
between the hybrid generations in respect to the magnitude of these 
correlations. 

^ Such inter-racial correlations do not hold, to b© sure, for ear length. 
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anotter by a defiiiite aumber of mutational steps, it is, of course a 
matter of considerable interest to determine, if possible, tbe approximate 
number of such, steps which separate one given form from another. It 
was, at the outset, my hope that some of the ''presence-or-abseuce” 
differences, belonging to the first {a) class of characters listed in para- 
graph 6 of our summary, would lend themselves to a Mendelian analysis 
of the characters concerned. But this did not prove to be the case. For 
in the generation such characters were found to have an intermediate 
value, and to be extraordinarily varied in their manifestation. Thus, the 
length of the tail stripe of the F-^ generation (heterozygous for all factors 
concerned) covered the whole gamut from 0 to 100 per cent. Back- 
crossing with the 0 grade race (leticocephalus) led to a great increase in 
the proportion of stripeless individuals, and the disappearance of all 
except the lower grades of tail stripe. But since it is probable that the 
0 grade consisted, in this generation, largely of individuals which were 
heterozygous for some or all of the factors concerned, it is plain that the 
proportionate number of individuals which lack the stripe altogether, as 
contrasted with those which possess it at all, affords no clue to the genetic 
classes which may be present. Furthermore, it seems certain that, with 
each back-cross to leucocephalus, an increasing proportion of the partially 
heterozygous individuals must fall within the 0 grade, and conversely 
that the relative number which show some trace of a stripe must de^ 
crease. It would thus seem to be futile to conduct such a ''dilution’* 
process in the hope of arriving at any single-factor difference in a case 
of this character. 

Accordingly, we seem limited, in our quest for the number of factor 
differences between any two races, to characters which differ merely in 
degree {b and c of the classes listed above). Kow it has already been 
abundantly shown that the evidence in such cases is conflicting. TMs 
has not infrequently been the experience of others. 

It will be recalled that Castle and Wright (Castle, 1921) developed 
a formula for determining the number of factor differences concerned in 
a cross involving quantitative characters. Their formula was: 

in which D is the difference between the parental means, in respect to 
the given character, and ar^ and cr^ are the standard deviations in the 
F^ and F^ generations, respectively. This formula was severely criticised 
by Shull (1921), and has recently been dealt with more fully by Sere- 
biovsky (1928). The chief grounds for criticism are three: (1) that a 
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Against such a limited number of factor differences we have how- 
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tative effects, a segregant whicli was ''pure’’ for all the major factors of 
one sub-species might reach or surpass the mean value of that sub- 
species, in respect to a given character, even though it was not pure for 
all the minor factors, which entered the cross. 

It would be difficult, however, to account, on such a basis, for the 
approximately symmetrical distribution of the "7/8 leucocephalus^' popu- 
lations, already discussed at some length. If we had to do with three or 
four factors, capable of producing the major pelage differences between 
leucocephalus and polionotus, the presence of even a large number of 
modifying factors, of the sort which might be supposed to underly the 
minor individual differences, would not suffice to mask the asymmetry 
to be expected in a histogram based upon such material. Moreover, it 
would seem more probable, on the basis of the multiple factor hypothesis, 
that the differences between two sub-species would depend upon a 
greater number of factors, instead of upon more potent factors, than the 
difference between two individuals within a sub-species. For presumably 
the sub-specific differences have arisen through the accumulation of the 
same type of genetic differences as distinguish members of the same 
sub-species. 

If we are to retain the multiple factor interpretation at all, it seems 
to me that we must attribute any one of the sub-specific difference 
here considered to a much greater number of factors than three or four. 
This means that there is something wrong with the argument based 
upon the number of apparently "pure” segregants. Our argument con- 
tained the implicit assumption that all of the aUelomorphs tending to 
increase the degree of pigmentation (to raise the value of A and to lower 
the value of R) were contained in one of the two sub-species entering a 
cross, while all of the allelomorphs tending to decrease the degree of 
pigmentation were contained in the other. But this, of course, is not 
necessarily true. Leucocephalus, for example, might have the constitution 
mbbceddeeFF, in respect to a given character difference, while albifrom 
had the constitution AABBCG DDEEff, In such an event, it is plain 
that the chance that an J’a individual would equal or exceed one or the 
other of the parent races would be very much greater than if all of the 
"lower case” genes were on one side, and all the " capitals” on the other. 
For it would not be necessary, in order to reach this level of darkness or 
pallor, that an individual should be homozygous for all of the factors 
derived from either race^. A marked asymmetry of distribution in the 

^ I am here leaving out of account the part played by the phenotypic variability of 
each single genotype. It has been assumed above (p. 296) that the chance for an incomplete 
segregant to reach or exceed the mean value of a given parent race would be balanced by 
the chance that a pure segregant should fall below this level. 


F. B. Sumner 359 

second back-cross would remain, bowever, even upon the foregoing 
assumption. 

Formally, at least, we have thus reconciled our conflicting evidence 
by an interpretation which is quite in harmony with the multiple factor 
hypothesis. While such an interpretation is far from being proved, at 
the present time, I know of no other which fits the facts as well 

A yet more interesting problem is that of the nature of the genetic 
connection between certain components of the sub-specific complex of 
characters. I have previously called attention to the fact that high corre- 
lations among the. various pigmental characters may be observed, when 
series of contiguous races are thrown together and treated as single 
populations, whereas correlations between the same pairs of characters 
are found to be much weaker, or even to be imperceptible, when the 
component collections are treated separately^. I have given reasons for 
believing that this higher degree of inter-racial correlation, as compared 
with intra-racial, is due to the fact that the mean difierences between 
the local races are entirely genetic, whereas the individual differences 
within any single race are partly phenotypic, i.e, non-hereditary. That 
there is some sort of a close genetic bond among the various racial 
difierences in pigmentation has already been fully shown. The non- 
hereditary modifications of these characters (however produced) appear, 
on the contrary, to be largely independent of one another. In the case 
of certain other characters, to be sure {e.g. tail and foot), environmental 
influences (temperature, nutrition) are known to bring about parallel 
modification, but there is no indication that the various pigmental 
characters here considered are subject to coincident changes of this sort 
during the individual lifetime. Unfortunately, the nature of the non- 
hereditary fraction of all individual variability in animals is a subject 
concerning which, at the present time, we are very largely in the dark. 

The interesting relations narrated in paragraph 23 of the foregoing 
summary are open to a similar interpretation. The higher degree of 
correlation among these characters which is found in the generation, 
as compared with the is due to an increase in the proportion of the 
total variability which is genetic, combined with the fact that the 
characters are in some way bound together genetically^ 

1 Sumner (1929 a). See also Bubnoff (1919). ‘ 

- It is probably needless to say that the larger coefficients found in the generation 
do not result from a mere increase in the range of variation of the correlated characters. 
The standard deviations are of course increased, as well as the product moments. 
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The still further increase in these correlations which is manifested 
in the jFg generation is due to the procedure adopted in the selection 
and mating of the parents. The more extreme segregants which were 
selected as ''pale'’ and "dark” constituted about two-thirds of those 
thus chosen. This circumstance, and the further fact that at least two 
pigmental characters were taken into account in making the choice 
would inevitably result in high correlations among this parent group 
when treated as a single population^. And since these latter were mated 
assortatively (pale with pale, etc.), a similar genetic constitution was 
reflected in the generation. 

Regarding the nature of this genetic connection among our correlated 
characters, two hypotheses are possible: (1) The characters in question 
may be merely different manifestations of the same genetic factors {e,g. 
the extent of both tail stripe and coloured area may depend upon factors 
which determine the amount of pigmented hair upon the tail and trunk 
alike). (2) The factors underlying these characters may be more or less 
closely linked, due to their presence in the same chromosome. And it is 
of course possible that each of these explanations may be true in part. 
On the other hand, parallel modification, through environmental in- 
fluences acting during ontogeny, could hardly account for correlations 
which increase as a result of segregation. 

While the data thus far discussed lend themselves perhaps equally 
well to either of the foregoing interpretations,' there is one circumstance 
which strongly favours the hypothesis that our correlations result from 
the various pigmental characters being determined in part by a genetic 
basis common to all of them. I refer to the frequent association between 
intensity and extensity of pigmentation, upon various parts of the body, 
and in animals belonging to widely different groups. This phenomenon 
is so well known to students of systematic ornithology and mammalogy 
that it need not be discussed here. Reference need only be made to the 
diminution both in the intensity and extensity of coloured areas in 
desert species, as compared with the denizens of more humid climates 
(Allen, 1906; Buxton, 1923; Gornitz, 1923; Sumner, 1925; Rensch, 1929). 
In connection with this class of facts, the hypotheses of linkage can 
hardly be invoked as an explanation. For studies of linkage thus far 

^ As a matter of fact the correlations in these groups of selected parents were probably 
at least as high as in their offspring. Thus, in the leucocephalus-albifrons series, the 
correlation between and M among the selected parents was - 0-912, that of their 
offspring - 0-788. Similar figures for the leucocephalus-poUomtus GTOB8 {m this case, A* 
and M) are -0-822 and —0*858 respectively. In both cases the deviations of each parent 
have been weighted by the number of offspring. 
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by the evidence. The fact that the correlator! 5 ^ P^^bable 

sidmtion aU ta™ a con^derable range of indepenSrt 
...1 a degree mdeed, that the coefflciente are eomettaes redt 
zero-does not, of course, prove the case as regards ind^rt^!/ ? ^ ^ 

»* 

Of more evidential value, in this connection, are certain r.T f 
which appear m comparing one race with another Attention b ^ 
been called to a curious anomaly presented by the Eo«t 
Son of «&/,«. Thia M sub-race is at once dark, and 
smlhr coloured area and shorter tail stripe (reduced to n I !! f ^ ^ 
than are the other representatives of albifrom found no iT* 

Although the coUection is unfortunately smaU (twenty 
differences in these respects are so consiSli Id 
they very probably represent actual differences in the 
populations. Moreover, the differences revealed by the s 

prove to be genetic ones (Text-figs 3 lOi Tb ^ ‘’objected 

partial genetic independele of the Sharacter^ co ^ 

f«* that “red" is, i^ general, negafa^Tn Lw T‘“ 
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tlie two measurements of the coloured area (''base'’ and "tips”) is 
high in all of the groups for which both values have been determined 
It approaches unity in the Jg generations of the leucocephalm- 

polionotus cross. It may nevertheless be shown by the method referred 
to that "red” is correlated to some extent with each of these determina- 
tions of coloured area, independently of the other. For East Pass albi- 
/rows, the mean of these two "net” coefficients is — 0*210; for the 
generation of leucocephalus-polionotus hybrids the mean is — 0*177; for 
the Fg generation it is — 0*235. All of these six values are of the same 
sign. The aggregate number of individuals on which they are based is 230. 
In the Fi generation of this cross, on the other hand, one net coefficient 
is negative and the other positive, the mean being — 0*090. 

The foregoing figures do not, of course, prove that this independent 
variability of the two measurements of coloured area is of the genetic 
sort. Unfortunately, this last question cannot be tested for these two 
characters, owing to circumstances which need not be detailed here. 
But the independent genetic variability of coloured area (either "base” 
or "tips”) and red can be readily demonstrated. For this purpose, I 
have computed the parent-offspring correlations in respect to each of 
these characters, when the influence of the other has been eliminated. 
I have confined my computations to those generations between which 
correlation was found to be highest, namely, the and F^ generations 
of both the leucooephalus-albifrons and the leucocephalus-poliorntm 
crosses. As has already been pointed out, the amount of genetic varia- 
tion in these F^ generations and in the selected groups of Fg parents is 
extremely high. 


Leucocephalus-albifrons Leucocephalus-polionotus 




No. of 


> 

i 

No. of 


' 

Oha- 

No. of 

off- 

r 

r 

No. of 

off- 

r 

f 

raoter parents* 

spring 

(gross) 

(net) 

parents* 

spring 

(gross) 

(net) 

A 

22 

65 

-f 0*751 

+ 0*344 

26 

82 

+ 0*917 

+0*712 

M 

22 

65 

+0*743 

+ 0*437 

24 

82 

+ 0*837 

+ 0*464 


* Here and elsewhere, in computing parent-offspring correlations, each parental 
deviation has been repeated to correspond with the number of offspring. Each filial devia- 
tion has thus been paired off against a parental one, and the n of the formula has been the 
number of offspring, rather than that of the parents. A similar weighting process was 
in computation of means and standard deviations in these cases. This procedure 1ms 
both advantages and disadvantages. 

In computing the net parent-offspring correlation for coloured area, 
the influence of red being eliminated, the three gross coefficients used 
were (1) that for coloured area (parents) and coloured area (offspring), 
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racter/’ Such a situation might be intelligible on the basis of polyploidy 
but it is, at best, entirely hypothetical. 

Whatever may be the situation in respect to flax, I regard such aa 
explanation as much less satisfactory for Peromyscus than that of the 
multiple efiects of the same genes. In this respect, my interpretation is 
in accord with that of Dobzhansky (1927), who adopts the hypothesis 
of ''multiple effects,’’ rather than that of linkage, in explaining the 
correlation between the pigmentation of the eye and that of the testis 
in Drosophila, In the case described by Dobzhansky, however, the corre- 
lation is absolute, and seems to depend upon a single pair of allelomorphs. 
Moreover, the pigmentation of certain other regions of the body is quite 
independent of that of the parts named. These last statements do not 
appear to hold for any of the sub-specific differences with which I ha?e 
dealt in the case of Peromyscus, though they apply, one or all, to certain 
colour mutations which I have described in species of this genus (Sumner 
1917, 1928; Sumner and Collins, 1922). 

The foregoing interpretation is offered only for the correlations be- 
tween one pigmental character and another. A few further words are 
necessary regarding another type of correlation which has been discussed 
above, namely, that between foot or tail length, on the one hand, and 
the various pigmental characters on the other. The evidence for such 
correlation has been discussed in detail in connection with each of the 
three sub-specific crosses considered in the present paper, and it need 
not be repeated here. Statistically, the case is strong that this series of 
coincidences does not result from random samphng. 

Certain circumstances have already been mentioned which consider- 
ably weaken the conclusion that the preponderant occurrence in some 
of the segregating generations, of coefficients having the " expected” sign, 
is due to any genetic bond between the two classes of characters. I refer 
especially to (1) the fact that the standard deviations for foot and tail 
length are not preponderantly greater in the jp’g generation than in the 
and (2) the related fact that the correlations between tail and foot length 
show no constant tendency to be greater in the and generations 
than in the F^ hybrids and the pure races. So far as they go, these last 
facts are not in accord with the supposition that there is any manifest 
segregation of the genetic factors which underly racial differences in the 
length of these two members. Yet the correlations referred to in the 
preceding paragraph would seem to depend upon , the simultaneous 
segregation of factors affecting the length of the latter and ones affecting 
pigmental characters. 

Let us assume, however, that these corelation have an actual 
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genetic basis, and that they result from a tendency of certain racial 
characters to segregate in their original comhinationsh I believe that 
in that ease the hypothesis of linkage, rather than that of multiple effects 
of the same genes, would be preferable. For, in the first place the 
correlations are so feeble that in most instances they are statistically 
non-significant, when taken singly; and in the second place, the len<rth 
of tail and foot bears no general relation, in this genus as ’a whole “to 
the extent or shade of the coloured area of the pelage. In a recent paper 
(1929) I have pointed out that while the alhifrons of the immediL 
neighbourhood of the coast has a markedly longer tail and foot than 
polionotus, we meet with a type, only 20 miles inland, in wMch these 
members are no longer than in the latter race. Furthermore, on the 
Pacific coast, it is the darkest sub-species of Peromyscus maniculatw that 
have by far the longest tails and feet, and this reversed association holds 
throughout a considerable area. This last fact, as weU as the exactly 
opposite relation of these same characters in certain members of the 
F. polionotus series^ could both be accounted for on the basis of a rather 
low degree of linkage between some of the factors concerned^. 

A few words, in conclusion, relative to the bearing of these studies 
upon our conceptions of the process of evolution. It is evident that in 
no ease does one of these sub-species, or even a genetically distinct sub- 
division of such a sub-species, appear to have arisen through a single act 
of mutation. Wherever investigated, such races or sub-races appear to 
differ by considerable numbers of Mendelian factors. Since these differ- 
ences have frequently been accumulated in a fairly consistent manner 
along some geographic, cHmatic or edaphic gradient, we can hardly 
regard the relationships as being entirely haphazard ones*. Either 


^ » These phenomena may be related to certain evidences for the coherence of specific 
etocters wkch were obtained by Gates (1925) in crowing Mus musculvs with the 
Japanese waltzang-mouse, and which were interpreted by him on the assumption that 
the chromosomes of each species tend to segregate as a group and not at random.” 

- iewocepWiM coast aWifrons, and polionotus represent a series of decreasing tail 
and foot length, and of increasing pigmentation. 

’ However, it is worth noting that a recent examination of measurements from the 
wricw o^^o^ses of P. Momoulatus discussed in an earlier paper 

Semd “ consistent tendency toward correlations of the sort here 

“ an illuminating manner in two recent volumes 
oie!’ u’ Osborn (1927 and earlier papers) has brought 

liken • material, and made this the basis of an interesting theoretical 

{Smnner!'l923, 192^^99^ ^Midered certain of these cases of intergradation in some detail 
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(1) there has been a selection on the basis of adaptedness (whether in 
respect to the visible manifestation of these factors or to some more 
recondite effects) ; or (2) the genetic changes have resulted in some more 
direct way, from the action of the environment. In various earlier papers 
I have argued for the second of these alternatives^,, and I still believe 
that it is the more probable one in many instances, particularly in those 
cases in which humidity and aridity appear to have been the controllino* 
factors. It must be admitted, however, that the simultaneous trans- 
formation of considerable series of pigmental characters, even when these 
are but feebly correlated within any single population, is not, in itself, 
to be regarded as evidence of their parallel modification by the environ- 
ment, as I formerly supposed. This becomes obvious if we accept the 
conclusion that these characters rest, in part, upon a common genetic 
basis. 

In the case of the present series 

it seems much more likely that an important element in the situation 
has been a selective effect of the environment, on the basis of colour. 
As regards the pigmental changes, the admittedly ill-supported, though 
far from disproved theory of “concealing coloration” seems to fit these 
facts better than any other^. 

Such an interpretation does not mean, however, that the actual 
factorial changes or “mutations” have necessarily occurred at the time 
when one geographic race has arisen from another. There is much genetic 
diversity in every natural population, resulting presumably from factorial 
changes which have occurred in the past, combined with hybridisation 
in the broadest sense of the term. It is likely, therefore, that rather wide 
divergence could be brought about in such a population by continued 
selection, in the entire absence of new mutations. If it should turn out 
that suitable mutations likewise occur from time to time, and particu- 
larly if such mutations are in any way responsive to organic “needs,” 
the process would, of course, be vastly expedited. Or appropriate crosses 
between different existing stocks might give rise to kn adequate supply 
of variations, as Lotsy and others have so forcefully contended. 

I trust, however, that the foregoing remarks will not be taken to 
imply that I regard such a “mutational” explanation of the origin of 
these geographic races, or of species in general, as either adequate or 
satisfying. It is no more adequate or satisfying than is the related notion 
that the entire heritage of an organism consists of an aggregation of 
Mendelian genes. Both conceptions, I believe, are to be viewed merely 
^ Sumner (1920, 1923, 1925). ^ Sumner {1929, 1929 a). 
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as higUy useful provision hypotheses, which account for certain im- 
portant aspects of individual and racial development, hut which entirely 
overlook certain others. In this behef I think it likely that I am in 
agreement with many mutationists, though probably not with all. 
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EXPLANATION OF PLATES VI li—Xl. 

Plate VIII. 

fig. 1. (Upper left.) Skin of Peromyscus foUonotus leucocephalus, close to average in 
respect to all pelage characters, 
fig. 2. (Centre.) Average P. p. albifrons (East Pass series), 
fig, 3. (Upper right.) Average P. p. (Autaugaville series), 

fig. 4. (Lower left.) Extreme pale segregant in generation of leucocepJialus-poUoTwtm 
(i.e. cross between sub-species leueocephalus and polionotus). 
fig. 5. (Lower right.) Extreme dark segregant in Pg generation of same cross. 

Plate IX. 

figs. 6, 7, 8. Palest, mean and darkest specimens of leucocephalus. In choosing extremes, 
here and elsewhere, the values both for “coloured area” and “red” were taken into 
consideration, and a skin was chosen, in each ease, which gave nearly or (^uite the 
extreme values for both of these characters. (The actual extreme values are not always 
combined in the same individual.) In. choosing the means, “coloured area,” “red,” 
and the “index of saturation” were all taken into account, 
figs. 9, 10, 11. Palest, mean and darkest sHns of albifrom (East Pass series), 
figs. 12, 13, 14. Palest, mean and darkest skins oi poliomtus. 

Plate X. 

figs. 15, 16, 17. Palest, mean and darkest specimens in Pi generation of leucocephalus- 
albifrons cross. 

figs. 18, 19, 20. Palest, mean and darkest specimens in Pg generation of same cross, 
fig. 21. Palest specimen in first back-cross with leucocephalus (3/4 leucocephalus), 
fig. 22. Palest specimen in second back-cross with leucocephalus (7/8 leucocephalus). 

Plate XL 

figs. 23, 24, 25. Palest, mean and darkest specimens in Pj generation of leucocephalus- 
poUoTWtus cross. 

figs. 26, 27, 28. Palest, mean and darkest specimens in Pg generation of same cross, 
fig. 29. Palest specimen in first back-cross with leucocephalus {314: leucocephalus). 
fig. 30. Palest specimen in second back-cross with leucocephalus {IjS leucocephalus) . 
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12-45 ±0-17 

— 

— 

— 

11-96 ±0-26 

14-03 ±0-^1 

.mm. 

ial 

Both 

23-46 ±0-05 

— 

— 

24-56 ±0-09 

— 

23-88 

— 

— 

23-60 ±006 


tebrae 
it pelvis 
bual) 


14*53 ±0-05 



— 

15-11 ±0-05 

— 






14-61 ±0-05 


9 

15*43 ±0-07 


— 

15-79 ±0-09 

— 

— 

— 

— 

15-35 ±04» 


greeted) 


14*84 

— 

— 

16-27 

— 

— 

— 

— 

14-90 

w#. 

9 

14-99 

— 

— ■ 

15-19 


— 

— 

— 

15-00 

0m 

it femur 

<? 

14-06 ±0-04 

— 

— 

13-99 ±0-05 

— 

— 

— 

■ — 

13-81 ±0-01 

— 

tual) 

9 

14-79 ±0-06 

— 

— 

14-82 ±0-09 

— 

— 

— 

— 

14-51 -io-err 


rrected) 

S 

14-34 

— 

— 

14-14 

— 

— 

— 

— ' 

14-08 


9 

14-36 

— 

— 

14-23 

— 

— 

— 

— 

14-lT ■ 


1 length 


22-88 ±0-05 

— 

— 

22-63 ±0-05 

— 

— 

— 

— 

22*61 ±0-06 


tual) 

9 

23-21 ±0-05 

— 


22-89 ±0-07 

— 

— 

— 

— 

23-03 ±0*(>7 


rrected) 

<? 

23-24 


. — ' 

22-82 

— 

— 

— 

— 

22*94 

— 


9 

22-88 

— 

' — 

22-44 

— 

— 

— 

— 

22*77 

» 

1 breadth 


10-01 ±0-02 

— 

. — 

10-05 ±0-03 

■ — 

— 

— 

— 

0*90 ±0*02 


tual) 

'9 

10-03±0-02 



9-99 ±0-02 

— 

— 

— 

— 

10*12 ±0(6 


stripe 

Both 

0 



0 

41-73 

40-74 

0-81 

38-37 

31-31 ; 

3*81 


i pigment 

I Both 

0 


0 

0-07 



0 

0-29 

— ■ 

0-23 

— 

ured area Both 

45-54 ±0-32 

43-66 

43-80 ±0-34 

66-46 ±0-33 

67-12 

56-80 

72-87 

61-74 ±0-59 

56-24 ±02ti 

se) 

. <5-'/ 

45-21 ±0-46 

— 

42-96 ±0-42 

66-39 ±0-42 

— 

— 

— 

61-90 ±0-83 

50*0fh-i0v.^ 


9 

45-81 ±0-44 

— 

44-81 ±0-52 

66-56 ±0-53 

__ 

— 

— 

61-50 ±0-76 

56-41 ±031 

— 

ured area Both 

' ' 


■■ „ 

59-79 ±0-54 

60-51 

47-95 

65-47 

. , , 

— 


>s) 

<5 


' — 


59-56±0-71 

— - 

— 

— 





9 

V 

— 



60-12 ±0-82 





— 


19-32±0*1S 



Both 

. 25-40 ±0-30 

26-03 

27-66 ±0-42 

17-17 ±0-15 

16-84 

15-07 

. 14-51 

16-99 ±0-13 

ISI! 



26-05 ±0-45 


28-01 ±0-57 

17-39 ±0-17 





— 

17-15 ±0-18 

19-74 ±018 



9 

24-90 ±0-39 

— 

27-26 ±0-61 

16-86 ±0-26 

— 

— 


16-75 ±0-17 

18*86 ±015 



Both 1-82 ±0-02 

1-71 

1-63 ±0-03 

3-90±0-03 

3-95 

3-81 

5-05 

3-66±0-05 

2*93 ±0« 


V 

Both 2T’6B±0-41 

23-84 

: 25-96 ±0-50 

42-02±Q-54 

39-04 

37-60 

30-73 

36-22±0-57 

35*90±O37 



* Weighted by number of offspring. 


371 


I. 

.Ubiftom and hybrids. 


Back-cross 


i; 

r ■ ' _ 

3/4 letieo- 
cepliahs 


Grades 
7/8 leuco- 
cephalus 

iE»t 

/iffiyatiTOS 

(East Pass 


(East Pass 

derivatives 

3/4 albi- 

derivatives 

ealj) 

only) 

frons 

only) 


58 


41 


(35d^23$) 


(196^, 22?) 

1811 l;0‘24 

78*69 .-t0*19 

— 

77*47 ±0*32 

i*ll±l>26 

80*83+0*28 

— 

78*77 ±0*18 

»#±0*21 

52*35 ±0*22 

52*93 

52*54 ±0*16 

;M40*26 

51*89 ±0*27 

— 

51*97 ±0*26 

51*4440*32 

53*06 ±0*34 

— 

53*02 ±0*18 

«« 

52*47 

— 

53-08 

S3#i 

52*67 

— 

53-60 

M 1.0*05 

18*42 ±0*04 

18*01 

18*42 ±0*05 


18*23 ±0*06 

17*80 

18*27 ±0*05 

M 

18-53 

— 

18*63 

ll« 

18*17 

— 

18*36 

14*41 i(>03 

14*35 ±0*03 

14*42 

14*20 ±0*04^ 

lfiiO-05 

14*41 ±0*04 

— 

14*20 ±0*05 

ll«±O04 

14*27 ±0*05 

— 

14*20 ±0*07 

I4« 

14*50 

— 

14*37 

IKI3 

14*23 

— 

14*26 

IS*I3-i0*15 

13*10 ±0*17 

— 

12*40 ±0*23 

W*l2i0*16 

12*49 ±0-15 

— 

12*18 ±0*19 

Wf±0*0T 

— 

— 


I4*ll±0*05 






15*M±0*06 

— 

— , 

__ 

1M6 






ll« 





: 

mi±m 

— 





im^m 

— 

__ 



m 

__ 





I4i» 






»70i0*05 

' 




?2'SI]±0*05 






2I«} 





22‘"0 

■ 




m^m 






It>l8i0'02 


— 



Ihl 

1*22 

14*33 

0*05 

ii-28 

0*22 

0*80 

0*12 

7^HS±0-45 

61*64±0*41 

61*27 

48*00 ±0*45 

«4ii0*36 

51*51 ±0*59 

: . — 

48*21 ±0*57 

■'<‘33i0*70 

„51*83±0*52 

— 

47*82 ±0*68 


23*40 ±0*26 

19*07 

25*17 ±0*33 


23*60 ±0*34 


24-98 ±0*45 

11 40*31 

23*10 ±0*42 

— 

25*34 ±0*47 

40*61 

. 2*25 ±0*04 . 

— 

1*93 ±0*03 

B-ll 40*47 

33*60 ±0*39 

38*53 

30*85 ±0*53 


Selected parents of 
(weighted by number 
of offspring) 


Pale 

Medimn 

Dark 

All 

65 

(416", 24?) 

— 

Pale 

■ , 17 

m. m 

*M(?dium 

27 

(17,6% lo;: 

— 

— 

— 

78*48 ±0-16 

78*25 

78*32 


— 

— 

81*46 ±0*21 

81*60 

81*65 


— 

— ' 

53*73 ±0*15 

53 ‘SO 

52-91 

. 

— 

— 

53*39 ±0*18 

53*50 

52*59 


__ 

— 

54*31 ±0*25 

53*50 

53-45 

— , 

— 

— 

54*06 




— 

— 

— 

53*62 



— 

— 

— 

— 

18*37 ±0*04 

18*54 

18*27 

— . 

— 

— 

18*19 ±0*04 

18*48 

18*12 

— 

— . 

— 

18*50 

«... 

— 

— 

— 

18*09 

■ . 



— 

— 

— 

14*48 ±0*04 



,, 

— 

— 

— 

14*50 ±0'05 

— 



— 

. — , 

14*47+0*07 




— 

. — 

14*60 




— 

— 

•— 

14*40 

— 

— 

■— 

— 


12*67 ±0*18 

11*37 

12*91 

— 

-* 

— 

12-67 ±0*17 

12*14 

12*57 

— 




— 

— 

— 

— 

— 

— 

— 



— 

— 

— 

— 

— 


— . 

— 

— 

— , 

— 

— 

— 

— 

— 

— 

— 



— 

— 



— 



— 

— 

— 

— 

— 



— 

— 

— 

— 

— 


— 

— 

— 

— . 

— 


— 

— 

— 


— 


— 

— 

— 

— 

— 

V. 

— 

— 

— 

— 

— ^ 

— ' 

0 

2*33 

42*31 

21*23 

0*82 

'.8*48 ■ ' 

— 

— 

— 

0*15 

' ^ 


46*91 

55*80 

63*02 

56*62 ±0*61 

47*82 

'56*81' 

— 

— . 

— 

55*95 ±0*78 

47*67 

,57*06 

— 

— - 

— 

57*75 ±0*99 

■48*20 

.56*40 

— 


— 

— 


-™. '■ 

— 

— 

■ ^ — 

— 



— 

— « 


— 


. , 

24*70 

20*63 

16*73 

20*95 ±0*28 

. 24*66 

20*67 

— ^ 

. — 


21-48 ±0-37 

25*16 

21*01 

— 


— 

20*06 ±0*37 

^23*48 

20*11 

1*96 

2-71 

3-78 

2*80±0*06 

V'2*oi; ■ 

2-7$ 

40*24 

35*06 

29*74 

33*58 ±0*55 

: '40-94' : 

31*59 


t “ Corrected means are the “actual” ones, reduced to a standard body length of 80mm. 


Dark 

21 

(12i, 0?) 
‘78-1I2 
8M7 
54-OH 
54*42 
56*72 


18-S5' 

18*11 


13*63 

13*00 


'5444 

02*67 

04-56 


18*31 

18-46 

18-11 

3*50 

30*19 


n 


y length 


riected)t 


fc length ^ 

-feual) ? 

rrected) ^ 


length Both 

tual) 3 


rrected) 3 


.dal 

rfcebrae 
ht pelvis 
ifiual) 
)rrected) 


ht femur 

;tual) 

)rrected) 


ill length 

2tual) 

Directed) 


ill breadth 
ctual) 

iljstripe 
3t pigment 
.oured area 
^ase) 


Zeucocephalus 


Wild I 

(all) I 

72 

(33^, 39?) 
77*79 ±0-24 
82*29 ±0*36 
54*21 ±0*20 
53*27 ±0*24 
55*03 ±0*27 
54*24 
53*93 

18*52 ±0*04 
18*60 ±0*05 
18*70 
18*34 

14*50 ±0*04 
14*27 ±0*05 
14*68 ±0*05 
14*42 
14*57 

12*72 ±0*17 
13*00 ±0*17 

23*46 ±0*05 


14*53 ±0*05 
15*43 ±0*07 
14*84 
14*99' 

14*06 ±0*04 
14*79 ±0*06 
14*34 
14*36 

22*88 ±0*05 
23*21±0*05 
23*24 
22*88 

10*01 ±0*02 
10*03 ±0*02 


[oured area 
ips) 


TABLE; 

‘voilzcGSf Lcucoctij '* 


■Back-e»« 


Wild Parents 

(all) of 
46 

(273, 19$) 

78*59 ±0*23 — 

83*18 ±0*58 — 

51*33 ±0*32 — 

49*98 ±0*31 — 

53*28 ±0*49 — 

50*60 — 

51*77 — 

17*31 ±0*06 -- 

17*25 ±0*08 — 

17*42 — 

17*03 — 

15*01 ±0*07 — 

14*93 ±0*09 — 

15*12 ±0*10 — 

15*02 — 

14*97 — 

12*33 ±0*18 — 

13*61 ±0*38 — 

23*77 ±0*08 — 


45*54 ±0*32 44*99 
45*21 ±0*46 — 

45*81 ±0*44 ~ 


14*89 ±0*07 
15*65 ±0*09 
15*09 
15*04 

13*43 ±0*07 
14*18 ±0*12 
13*61 
13*58 

22*70 ±0*06 
23*04 ±0*10 
22*93 
22*58 
9*91 ±0*03 
9*97 ±0*05 
100*00 
1*47 ±0*08 



Parents 
All of 

All 

3/4 kueo- 
cevhahs 


60 

(39<^, 21$) 
79*63 ±0*22 

74 

(39(J,35$) 
78*05 ±0*19 


109 

(56c^, 53$) 
78*77 ±0*21 

■■ te 

,(31d,,.36?| 
78*9T±0*28 , 

83*83 ±0*44 

83*33 ±0*35 

— 

81*42 ±0*27 

81*71 ±0*33 


51*64 ±0*23 

52*43 ±0*23 

— 

52*84 ±0*18 

53*49 ±0*18 

5i*a 

50*71 ±0*24 

51*04 ±0*25 

— 

52*11 ±0*22 

53*13 ±U*24 


53*31 ±0*39 

53*97 ±0*32 

— 

53*61 ±0*28 

53*81 ±0*25 


50*87 

51*90 

— 

52*65 

53*58 

««. , 

51*50 

52*39 

— 

52*94 

53*{)0 


17*33 ±0*04 

17*95 ±0*05 

— 

18*33 ±0*05 

18*46 ±0*65 

i8*ll 

17*55 ±0*07 

17*94 ±0*07 

— 

18*06 ±0*05 

18*32 ±(HM 

17*36 

18*11 

— 

18*43 

18*55 


17*28 ' 

17*70 

— 

17*96 

18*20 

^ (l : 

14*99 ±0*04 

14*61 ±0*04 

— 

14*67 ±0*03 

14*53 ±0*63 

r 

14*92 ±0*05 

14*60 ±0*05 

— 

14*72 ±0*05 

14*41 ±0-04 

IW ; 

15*13 ±0*07 

14*63 ±0*05 

— 

14*60 ±0*05 

14*63 ±0*W 

15 # . 

14*94 

14*73 

— 

14*80 

14*48 


14*94 

14*46 

— 

14*54 

14*54 


12*20 ±0*20 

12*21 ±0*18 

— 

13*19 ±0*16 

13*32 ±0*21 


14*15 ±0*43 

14*05 ±0*25 

— 

13*33 ±0*16 

13*16 ±0*20 


— 

23*51 ±0*05 

— ■ 

23*86 ±0*05 

- 

' ' ? 

__ 

14*57 ±0*04 



14*76 ±0*05 






15*41 ±0*08 

— 

15*28 ±0*06 

— 




14*84 

— 

14*93 

— 

... 



14*77 ■ 

— 

15*01 

— 


• 

13*64±0*04 

— 

13*76 ±0*04 





14*27 ±0*10 

— 

14*28 ±0*05 

— 


- 

13*89 

— 

13*92 

— 




13*64 

— 

14*01 

— 


■ 

22*79 ±0*05 

— 

22*87 ±0*05 



■ 

23*13 ±0*07 

— 

23*03 ±0*07 

— 


- 

23*10 

— 

23*07 

— 


■ 

22*65 

— 

22*82 

— 


■ 

9*98 ±0*02 

. — . • 

10*04±0*02 

— .. 

, : 

— - 

10*05 ±0*02 

— 

10*02 ±0*02 

— , 



1*97 ±0*07 


25*40±0*30 26-00 
26*05 ±0*45 — 

24*90 ±0*39 — 


73*96± 0*39 72*99 72*00 ±0*42 
74*67 ±0*49 — ^ • 71*95 ±0*52 

72*95 ±0*60 — 72*09 ±0*68 

9*55 ±0*11 9*74 10*67 ±0*12 

9*62 ±0*14 — 10*59 ±0*15 

944jk0*16 ~ 10*80 ±0*18 


18*29 18*81 

1*06 ±0*07 — 

68*33 ±0*50 65*95 
67*42 ±0-68 — 

69*33 ±0*73 — 

54*46 ±0*38 53*09 
54*82 — 

54*06 — 

14*44 ±0*11 14*49 
14*38 ±0*15 — 

14*51 ±0*17 — 


26*05 
0*83 ±0*05 


2*04 

0*48 ±0*15 


69*12 ±0*90 55*05 ±0*50 
66*45 ±1*20 53*77 ±0*50 


a 

„iv Li!4 

waij'ia 

m 

trn , 

MiMS 

®Bt035 


■71-89±l-30 56-17 iO-iT 

54- 34 ±0-59 - 

53-11 ±0-81 — 

55- 62 ±0-83 - 

14-76 ±0-13 18-85 ±0-18 


15-00 ±0-19 19-07x0-22 

14-67 ±0-19 18-67 ±0-28 


Both 1-82 ±0-02 1-77 


4-79 ±0-06 


4-88 ±0-10 2-98±0-05 - 


7-86±0-ll 7-69 6-89 ±0-10 3-83±0-05 3-73 3-82 ±0-07 


— Both 27-66 ±0-41 25-89 35-18 ±0-39 34-51 31-03 ±0-46 34-38 ±0-35 33-84 32-42 ±0-40 34-09 x0-J3 


Weighted by number of offspring. 


and hybrids. 


Seiectod parents 
of iY 

, 

Pale Medium Dark 


P olio not ns-a lb if ro n s e ru ss 


0‘60 17' 
48-57, 68' 

■'36-71 ' '■ 55 

17-55 13 


45 100-00 
•69 90-07 

•37 67-82 

•93 11-98 


2-80 6-01 7-56 


36-03 29-60 30-41 


35-05 

0-64 ±0-05 
68-00 ±1-29 
68-21 ±1-77 
67-71 ±1-84 
53-26 ±0-95 
53-15 ±1-30 
53-41 ±1-35 
15-46 ±0-24 
15-56 ±0-30 
15-33 ±0-39 

4-79 ±0-15 


ilack-croas 


All 

82 

(48c^, 34$) 

78-86 ±0-23 
81-49 ±0-32 
53-10 ±0-19 
53-02 ±0-24 
53-21 ±0-29 
53-52 
52-50 

18-31 ±0-05 
18-11 ±0-08 
18-41 
18-01 

14-67 ±0-03 
14-69 ±0-04 
14-64 ±0-05 
14-77 
14-56 

13-15 ±0-19 
13-06 ±0-21 


Pale 

29 


Medium Dark 
31 22 


53-83 52-62 52-80 


18-56 

18-77 

18-65 

18-55 

14-81 


18-13 

17-79 

f8-17 

17-71 

14-55 


18-14 

18-06 

18-30 

18-02 

14-65 


F, 

95 

(57<Sj 38$) 
79-18 ±0-19 
82-64±0.28 

53- 44 ±0-16 

52- 74 ±0-20 

54- 53 ±0-22 

53- 10 
53-28 

18*14 ±0-04 
18-10 ±0-05 
18-21 
17-91 

15-10 ±0-03 
15-02 ±0-05 
15*20 ±0-05 
15-08 
15-07 

12-22 ±0-14 
12-96 ±0-15 


3/4 polw- 
wius 
76 

( 68 ±, 38 ^) 

70-76 ±0-24 

81-00 -4-0.26 

52-89 -t0-2l 
52-74-0*32 
53*04 3:0-27 
52-85 
52*57 

17-8i) -lO-O^ 
17-79 ±0-05 
17-91 
17-72 

15-20 ±0-03 
15-18 ±0-05 
15-21 iO-05 
15-20 
15-16 

12*72 ±0-12 
12-42 ±0-20 


3/4 aBi- 
fmtis 
51 

(21±, 30$) 
8t>-10-i:0-30 
8007 ±0-27 
53-06 ±0-22 

53- 24 

54- 47-10-31 

53- 20 

54- 01 

18-06 ±007 
18-10±005 
18-05 
18-03 

14-98 ±0-05 
14-9ihf-0-0S 
14*97 ±0-1X1 
14-98 
14-93 

13-571.0-21 
12-48 ±0-16 ■ 




— 

— 

— 


— 

— 

— 






— 

— 

— 

— 



— 

— 



z 


• 

— > 

■ — 

— 

— 



— 

— 





' — 

— 

— 

— 



z 

■ ■ 

— 

— 

— 





' — 

. 

— ' 

— 



■ 

— 

— , 

— 

— 



— 

— 

— 

— 





— 

— 

— 

— 

> . 



— 

— 

— 

— 




1-62 

25-72 

92-68 

63-95 

85-45 

44-04 

49-14 

70-45 

89-41 

l-44±0-05 

1-75 ±0-05 

0-98 ±0-07 

— 






, 


38-62 

56-77 

67-59 

62-61 ±0-39 

66-23±0-43 

■59-32 ±0-64 

— 

— 

•— 

62-82 ±0-50 

64-72 ±0-56 

58-65 ±0-99 

— 

■ — 

— 

62-29 ±0-64 

67-77 ±0-60 

59-77 ±0-84 

18-95 

14-50 

12-22 

13-65±0-ll 

11-59 ±0-12 

■■ 15-27±0-15 

— 

— 


13-60±0-14 

,ll-83±0-16 

15-42 ±0-21 




13-72 ±0-18 

ll-34±0-X6 

16-16 ±0-21: 

— 

— 

— 

4-68 ±0-06 

5*85 ±0-09 

::.3-94±0-07. 

39-24 

31-71 

31-59 

35-30 ±0-34 

: 34*73 ±0-40 

39-40 ±0-48 


t Corrected” means are the “actual” ones, reduced to a standard body length of 80r 



C0C<1 


^ rH irs rH CO X' 
CH- pH rH r-4 iH r-i 
6666 6 


CO CO CO CO yo CO c<i 
So OOO 

66 666 66 

-H 4 i -H -H -H -H -H I 


^ HCTfHCOOOt-liOcOcOl^^rH^OO^ 

HrHrH«HrHrHrH6 66666oOOf-HrH 


I O? CO CO ^ ^ ^ 

^^666 6 6 

g H CD lo fer S5 


co-^io fc~co 

OOO <H tH 

66 6 6 6 

“H -H -H +) "H 


^ ^ OM)ScOCT»OOCOCOCOCO^Cp^CO-^tOCO 

^ S ^ fl{ rH A iH tH rH 6 6 6 6 6 6 6 6 O fH l-H 


OOO 6 

“H'HA A 


SfSgSSS 83 8SS ss 

2 66666 66 ' o o o o o 
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CoTTelation 


Sex 


Tail — Foot 



$ 

Tail— Ear 

Both 

Tail — ^TaE stripe 

Both 

Tail — ^Foot pigm. 

Both 

Tail— Coloured area. 

Both 

base 

Tail— Coloured area, 

Both 

tips 

Tail— Red 

Both 

Foot— Ear 



? 

Foot— Tail stripe 



? 

Foot- — Coloured area, 


base 

$ 

Foot — ^Coloured area, 

a 

tips 

$ 

Foot— Red 

a 


& 

Foot— Foot pigment 

a 



Ta0 stripe — ^Foot pigm, 

.Both 

Tail stripe — Coloured 
area, base 

Tail stripe — Coloured 

Both 

Both 

area, tips 

Tail stripe— Red 

Both 

Foot pigm.— Coloured 

Both 

area, base 


Foot pigm. — Coloured 

Both 

area, tips 

Foot pigm. — ^Red 

Both 

Coloured area, base— 

Both 

Red 

Coloured area, tips — 

Both 

Red 

Coloured area, base — ^ 

Both 

R-F 


R ■ 

Both 

Coloured area, tips — 

R-F 


R 


Coloured area, base-tips Both 

Red-?+: 

Both 

S. 



Leucocephalns 



Gross Net* 


+ •455 +'356 

±•093 

+ •597 +’502 
±•070 

+ *404 +-314 
±•066 


+•239 — 

±•075 


— •014 — 

±‘079 

+ '131 +*020 
±•116 

+ •403 +-332 
±•090 


-•023 — 

±•118 

+ •290 — 

±•099 


+ •175 — 

±•114 

~ *245 — 

±•102 


-•310 

±•072 


+ *418 — 

±•069 


-.309 — 

±■076 


Gross Net 
+ •388 +-278 
±•110 

+ •384 +*236 
±•132 

+ ‘364 +*265 
±•086 


+ •081 — 

±•099 


-•085 — 

±•099 

+ •277 +‘i 86 

±‘120 

±•111 —‘002 

±‘153 


+ •043 — 

±*129 

-•377 — 

±•133 


— *042 — 

±•129 

-.336 — 

±•137 


-•191 — • 

±•096 


+ •119 — 

±•098 


— ■310 — 

±•090 


Albifrons 
East Pass 

Gross Net 

+ •388 ±-279 

±•115 

+ •813 +*772 

±•057 

+ *400 +-309 
±■089 

— *225 — 

±•100 


-•317 — 

±•095 


+ *203 — 

±•101 

+ •213 +‘113 

±'X29 

+•556 +-503 
±•117 


— •291 
±•123 
+•039 


±•168 


-•I 3 I 

±•133 


— •140 

±‘I65 


+ •441 — 

±*109 

— •no — 
±•166 


+ •464 — 

±•083 


-.586 — 

±•069 


—373 — 

±•091 

-•446 ~ 

±•084 
— *220 — 
±•100 


+ •637 — 

±•063 

+ •546 — 

±•074 


PoUonotus 



Gross Net Gross Net 


+ •765 +‘721 +*292 +-165 

±•054 ±‘099 

+ •780 +*731 +*604 +‘5ii 
±*061 ±‘094 

+ •442 +-360 +-329 +-222 
±•080 ±-oSo 


Leuc,-alh. Leuc.-alh. F^ 

Gross Net Gross Net ( 

+ •731 +‘68i +-533 +.448 ± 
±*056 ±-082 

+ ‘55x +‘445 +*251 ±-070 -f 
±•089 ±*100 

+ •165 +*022 +‘I5I +‘003 4 

±*085 ±*076 

— •009 — —*052 — 

±•088 ±*078 


— •260 —'052 

±•093 ±-087 

±•134 — +-190 ~ 

±•098 ±*084 

+ •450 +*383 +*336 +*253 
±•103 ±*096 

+ •456 +*390 +‘357 +‘278 
±•123 ±*131 


— •167 - — ±‘040. — 

±•126 ±-io8 

— •120 — +*265 — 

±•153 ±*137 

±•240 +-I49 — 

±•122 ±*io6 

+ •366 — —‘007 ■— 

±•134 ±*147 


+ •095 — -.098 — 

±•087 ±’077 


--180 — --059 — 

±•085 ±*078 

+ •179 +‘074 +‘394 +‘319 
±‘ii7 ±*096 

+ •524 +-467 ±‘105 -*009 
±•092 ±‘io6 

— •145 — —‘209 — 

±•119 ±*109 

4.. 176 — —.252 

± *124 ± *100 

+ •064 — -*315 — 

±•121 ±'103 

±•286 — — *180 — 

±*119 ±‘103 


+ •037 +‘233 — 

±*I2I ±-io8 

+ .007 — ±*076 

±•128 ±*I06 


±•649 — +*598 — 

±‘051 ±-050 


-.190 ~ -HSS — 

±•085 ±‘062 


±•168 — 

±•097 


^ ^ • ±'077 ±*042 

±•081 ±‘054 

— — — — — 000 — —‘299 — 

±•071 

-•158 — -'647 — — — — 

±•097 ±'051 

"±^051 

+ •250 — • +‘803 — +‘455 +'436 — 

±•094 ±*031 ±'070 ±'063 


* *‘Net” correlations are those from which the iniuence of ge 



TABLE V. 

s between various characters. 


3/4 

7/8 leuc. 

Gross Net 

Gross Net 

'413 +*307 

+ *120 — '038 

t'093 

±•153 

••294 +‘124 

+ •027 -'210 

±'128 

±*144 

-186 +-048 

+ .512 +*445 

± '086 

±•078 

-'I30 — 

— — 

±'087 


— , — 

■ ■ — 

-•161 — 

— •008 — 

±'o86 

±•105 

f-*II2 

-•III — 

±'087 

±•104 

f'475 +.411 

+ •068 -'051 

±'089 

±*154 

f*335 +*253 

+ •301 +'214 

±'124 

/■'■±'I31 

+'097 •— 

— ■ , . . — 

±•113 


+ '227 — 

' • — - 

±'133 


+ *167 . 

- ‘162 : ■ — 

±•111 

±'151 

+ .310 — 

“•339 — 

±•127 

±•127 

■„ , >_ 

— 

—116 — 

— •196 — 

±’II3 

±•149 

+ '140 — 

— -096 — 

±•138 

±•143 

^ ' — 

— — 

+ .538 — 

— , — 

±•063 

_ — 

“•245 — 


±•083 



— «— 

— 




“•547 — 

-•117 — 

±•062 

±•104 

+ •156 — 

— •042 — 

±•086 

±•105 


-.039 — 

—•210 

±•088 

±•101 


Leuc.-alh. Fs 

Gross Net 
4 - -482 +*388 
d=‘08l 

+ •125 --087 

±•135 

+ •403 +*312 
±•070 

+ •350 — 

±•073 


+ •198 
±•080 


— *269 — 

±•078 

+ •192 +-090 
±•101 
■- *272 - 
±•127 
“'099 

±•104 

-■463^ 

±•108 
-'166 
±•102 

-*153 
±•134 


+ •092 
±•105 
+ •253 
±•129 


+ •758 

±•036 


-•536 

±•060 


-,.788 

±•032 


-•538 

±•059 


+ •729 
±•039 



•*437 


+ •120 — 

±•077 

— •276 — 

±•073 

+ •478 +-385 
±•083 

+ •261 +*i68 
±•106 
-•433 
±•088 
-•180 
±•110 
-•044 
d=-i09 

+ •134 
±•112 

-•139 
± *107 
+ •006 

±•114 

-•084 

±•107 

-•041 

±•114 


— *00 1 
±•078 
+ •467 
db*o6i 
+ .706 
±•039 
-•133 
±•077 


--•158 
±*076 
-•i7i 
±•076 
+ •017 
±•078 
“••330 

±‘070 


— •096 
±•078 

+ •458 
i *063 
+ •700 
±•040 


Leuc.-pol. Fa 

Gross Net 
+ •675 ±-615 
±•049 

+ •662 +*584 
±•052 

+ ■358 +*257 
±•056 
+ -005 — 

±•065 

— *003 — 

±•065 

+ •001 — 

± ‘065 

-•039 — 

±•064 

-•109 — 

±•064 

+ •478 +-415 
±•070 

+ •399 +*325 


si 4 leuc. 

7/8 i 

Icuc. 


Gross 

iJet 

Gross 

Net 

Gross 

Net 

+ ‘ii6 

— •042 

+ •191 

+ *046 

+ '433 

+ •331 

±'119 


±'iro 


±■079 

+ •354 

+ '199 

+ •302 

+ '134 

+'548 

+ •441 

±•098 


±'137 

±•081 

+ •365 

+ •266 

+•617 

+ •573 

+•380 

+ •284 

±'071 


±•056 


±•064 

+ •165 

— 

— 

— 

— •189 


±'o8o 




±'072 


+ ‘043 

— 

■ — 

• 

— 289 

— 

±•082 




±•068 


— 010 

— 

—392 

— 

“•154 


±•082 


±'077 


±•073 


— 

— 

— 

— 

— -261 

— . 


—,•184 — 

±•080 

+ •273 +*182 
±•112 

+ •440 +‘372 


+ •281 
±•084 

+ •238 +*142 
±‘107 

+ •120 +*oo8 


±•069 
+ •160 — 

±'073 

+ '327 +'243 

±'087 

+ •441 +'373 


Pol.-alb. Fi 

Gross Net 
+*578 +'501 
±•059 

+ *464 +'338 
+ •087 

+ •466 +*388 
±'055 

+ .008 — 

±•069 

+ •025 — 

± '069 


-•134 — 

±'0G8 

+ ‘103 ~ 

±•069 

+ '355 +'275 
±•078 

+ '463 +*398 


3 / 4 ^M- 
Gross Net 

+ -749 + .702 

± ’O48 

+ •654 -^'$74' 

± -063 

+ '276 +-157 
±•071 

— '221 — 

±'074 

— “016 - 

±•077 

— •082 — — 

±'077 

+ •228 — 

±'073 

+ ■473 +*409 
±■084 

+ •196 +'094 


Siialb. 

Gross Net, 
+ ■735 +'686 

.±•068 , 

+ •367 +'215 

±*io6\ 

+ '279 +*i 6 x, 

±•087 

— 224' , — ' 

±'Ogo 

“•277. ;■ — 

± *087 . 


— '271 ■ 

±'o88 

+ ■0x7 — 

±'094 

+ •014 — •112 

±'.147 ■ 

+ '452 . +*385 



±•078 


±'090 


±•149 


±'093 


±■086 


±'105 


,.±■098 


' ' 

-•258 

— 

“•033 

— 

— 

— 

“'243 

— 

-•038 

— 

— *120 

— 

“'195 



±’084 


±'X 2 I 




±'090 


±•089 


±'io8 


±•143 



— '1x8 

— 

-•330 

— 

■ — 

— 

— •120 

■ — 

+ '425 

— 

— '040 

— 

“•453 



±*091 


±‘IOO 




±'ii 4 


±•090 


±•109 


± *098 


— . 

-'247 

— 

+ •081 

— 

+ * 2 II 

— 

“*355 


— 


— , 





±•089 


±•120 


±'109 


±•085 








— 

— •260 

— 

-*i88 

— 

+•365 

— , 

— 374 

— 

— 

— 

— 





±•086 


±•108 


±•131 


±•099 








— 

-•223 

— 

-«r 

— 

— 

— 

“‘376 

— 

-•049 

— 

— •126 

. — 

— 169 



. ±'086 






±*084 


±•089 


±•108 


±'143 


— 

-•329 

— 

— 

— 

— . 

— 

-*476 

— , 

+ '333 

— 

— •002 

— 

— 382 

__ 


±'083 






±•089 


±•097 


±'109 


±'105 


— 

+ '225 

— 

-'O75 

• — 

+ •012 

— 

+ '387 

, — 

— '050 

— . 

+ •248 

— 

+ *062 



±•086 


±*120 


±'II 4 


, ±‘083 


±•089 


±•103 


±'147 


— 

+ ■068 

— 

+ •185 

— 

-•063 

— 

+ '515 

— 

“•381 

— 

+ '034 

— 

+ *184 

— ^ 


±•092 


±*108 


±'150 


±'085 


± '094 


±•109 


±'ii 9 


— 

+ *044 

— 


■ — 

— 

— 

-'307 

^ — - 

+ •068 

— 

— 300 


-'335 

— 


±•090 






±•088 


±•089 


±•100 


±•131 


— 

— •069 

— 


— 

— 

— 

-'390 


-•003 


+ •087 

— 1 

— •292 



±•092 






±'098 


±'109 


±•109 


±•113 


— 

+ •133 

— 

+ '096 

— 

— 

— 

+ '157 

— 

+ '100 


+ •140 


+ '372 



±'063 


±■082 




±•073 


±'068 


±•076 


±■081 


— 

+ ■784 

— 

+ '637 

— 

— 

— 

+ '898 

— 

— 

— 

— 

— 

— 

— 


±'025 
+ •755 
±•028 
-'597 
±*042 


+ •165 
±•063 
— 'I92 
±'062 
-•627 

±•039 

— •600 
±*041 


-•350 

±'057 

+ '891 
±'012 
+•529 
±'047 


±•049 


-•414 

±•068 

+ *154 

±■080 


-*165 

±'o8o 

-'688 

±•043 

— •182 
±'o8o 


+ •364 
±'071 


—711 — 

±•045 


-•177 

±'o88 


±'014 
+•840 
±'022 
— ♦701 
±•038 
+ '209 
±'071 
+ •207 
±'071 
—318 
±'o 67 
— 823 
±•024 
-•858 
±'020 
-•451 
±'059 

-•545 

±•052 

+ •951 

±•071 
+ ‘633 
±'045 


+ '674 

±'038 
— •420 
±•057 


+ ‘123 
±'068 
-'123 
±•068 


— 536 

±*050 


— 203 
±•066 


+ •669 
±'038 


+ •660 
±•044 
— 605 
±•051 


+ .305 

±•070 

-.310 

±•070 


“•744 

±•034 


“•393 

±•065 


+ '624 

±•047 


+ -763 
± -040 
-'338 
±•084 


+ *461 

±'074 

“•157 

±•092 


-•472 

±■073 


-'199 

±*091 


+ '701 

± 'O48 


laeral body size has been eliminated by the use of the method of partial correlation. 




37 . 


r.i SS SSS SS 

§ IphS 66666 66 666 66 

^ ^ go . -H+1-H6-H +1-H -H-H-H -H-H 

•s '^^C<3COC200t--COCD'^C<JOO'^OOt-tCOCOOC 

^ ^ ^ O CO O GO rH Tt XTt «:) O O Tt< CQ 

%, cq 6 6 666 66 666666666rHrH 


J "o a CO CO 66606 66 666 .66 

.-H+i-fl-H+l 66 6 66 66 11 

PS g O cq CO ^ O Ob' CD 0,0 rH CO t-'cH O cq ^ o 

00 CO ^6666666 66666666666-, 

2 oI:COOr^Tf^CD coco NCOCO OrH 

§ IrH OO 'OOO r-i r-i 

H,p ^66666 66 666 66 

^ f^o 1 66666 66 66 6 66 M 

■^'O rH O rH O O CM 00 t" O CO CM 01 CM Tf O Cq CM 00 
j^THcoc:i(:;qoOfc^'f 6 '?' 7 ^'^M?'^« 6 oco. 
x6 6 6 666 6 6 66666666666 ' 

^cocMcob-o 00 OgCQCO TtlO 

CH- r-i CM rH rH (M CD O OOO iH 6 

66666 66 666 66 

«^co 

^ V) 0 > CO CS) rH t- rH O 00 O 'Cji 'cH O rH CO 6 b- CM • ' 
^ C0 1.^■■^O■^C0^H'^fc7 6 cD 6 '^T^^ 6 ^Tt ^05 00 
^ 66666 6666666666666 


OOO OOO 

41 41 41 41 4 4 


OOO OOO 

444 41441 

'^COCO OlOO o 
o 6 CO o o cp 
660666 


OOr-<r-iOOOOOO 

6 “H +! 6 -{■! 6 -H 6 -H 6 

CMb-b-b-rHOCOOb-3t(CO 

■T*iCOCMrHCat4COt:^r~<6cp 

66666666666 


§S ^rHCMrHrHCq 06 OOO tHrH' 

S6666 6 6 6^ 666 66 

. 6 +I-H 66 -H-H -H-H-H -H-H' 

^ 05C0iHC0C0Oi-H05MC000C005i01C0a0rH00 

95, ^ O O rH CO CO CO CO CO (M CO CM CO Cp 

b- co^ 6 6 6666666666666666 

« r^O-^CMb-OO coco C^COO HO'^, 

gs ^CMCMrHrHH ,00 OOO rHiH 

^ 6 6666 66. 666 .66 

. 6 -H-HH-l-H +i 6 -H-H-H '-H^ 

S?l, ^ CMOi’^O^iHOSOCSOQOb-b'COaOCMb-OO 
iH CpC»4O(Mb-q5Cp'^CpC0CpC0C0C00pi4Qp. 
CO CO 6 6 6 6 6 6 6 6 66 6 6 666 6 6 6 


CO 66066 

44444 


iH CM tH CO T#l 

•-IrH 600 

66 666 

-H -H 6 6 -H 


rH CO CO 

■^00 

666 

1 6-H6 

-rH b- O I'T' 

01 cpocp 
6 66 6 


0000 

444 41 


000. o 

444 4 

cqt^o CM 
COCO o o 
66 6 6 


, 000 o 

444 4 


•f O CM rH J:r^ (31 05 CO 


66 6cO(X)OSTtf6)io666 6 

66 6666666666 6 

441 4444444444 4 


cooooO'^oicMoiooioioiOioio^»ob'j>- (30xococO'^Tt<ioeocotob'eoiocqcM t^cpoornp p,c3p 6 6 6 0 

666666 6666666666A»h 666 666666666666 co6co66666666 


^rHCMiHr-IlM pO pp6 rH tH 6o6 pO OO OO 

)v? 66666 66 666 66 666 06 00 06 

- -H-H+f-H-H -H+l -H-H-H -H-H. -H-H-H -H - -H-H -H-H 

^ iOb-C)0TH,iOXO004rHrH<©t'U;)(DP4<10CMCO •C0C0C06'^C0<M00K0'^OHOb5O 

p p Cp op rH P 'T ^ ^ ■pCOCT-p'^PP^PTPP'^'T**^ 

w (H666666666666666rH6 6666666666 666, 6 6 


CO pH b-b-00 
tH CO pH rH Cq 

,88 , 

8S8 . 

60666 ; 

:6 6 ' 

6,66 . ; 

-H-H -H-H-H 

4 4 

444 

pHCOOCOb-pcMlCOpHXOb-OOb'tHpp 

O01b-iMC0OC0C0X0C0Tt1"H<THH<'H'H^ 


S 0 0 006 :■ ,00' 0,00. ;oo.- . 

^ . -H-H-H-H-H -H-H -H-H+l -H-H 

''P ■^COOCOb-^<MlCOrHXOb-OOb'b'U3»pb-CO 
^ ppt^iMppcpppcp'^'^'^'^'P'^opp 
CMCM(MCMCM<^C^ O 00666 66<6rH(M . 


2 0000 

g . -H-H-H-H 

^ b-b-OlCM 
b-b'T-H 'f 
(M tH 6 6 CM 


CO pO 

6 6 6 

4 ' 44 

CO CO .IO 6 
rH CM 14 p 
6 CM CM Q 6 6 


xo CO t- CO CO O xo tr— xo 00 

OOO rHCM OOO 00 

6 66 66 666 66 ■ 

444 44444 44 

OOOGOb-xOT^ICMCM O&qrHptr-XOt-Cq 
XOCOCOCOCOCC'^rH 00X00 

66 6666rH(M 6666 6666 


ss 
66 
-H -H 

CD CO CM 6 c 
^'rt^COCO-' 

6666c 


66666 ' 666 

44444 444 

OpCOfc^b-CaCMXOCpcOrH 
o 5 CO 00 b- O CO XO 
4 l 6666 -r^'<^ 6 rHrH’rH 

CM 

O CM CO -rji O rH tH 

6 , 66 6666 

-H -H -H -H -H -H -H 

O pH JO CO Tt< tH 00 

p p p b- op p cq 


OOOOOO 

I -H-H -H-H -H-H 

rH JO pHCO tHCM 
ptHppp p 
CO 6 CO pH pH pH 


O O 

-H -H 


? >S ' t3 m 6 6 , o o 6 

irISS - -H-H.-H-HH-I 


66 666 
-H-H -H-H-H 


■'P 00 b-Ol'OO CO pH OCOb'CO.COOOpHXOClCOpOO ^Qb-rHpOrHGOpHQ^pxOpp 
H „ o CO O XO OS (M CO 'H CO hH H’ CO ^ XO CO CO CO -gc CO XO CM CO -rt) p P pH pH 

'' • ’ * * • * ' * ' - * - ^ ‘ ’ 666666600000000 


co<m6cmcmcmphcm6666666o o ph p 


j -H-H-H ~H 

CO oco 01 
P P P 
CO COCO 6 


"o ■ ' O o' ,0 0 0,0 0 ® 

rcoo^.p w ^Of^C>f'^c>^Of^O^^^ cq pq p W ^Of P 


^111 


, 6 o^e 

(S 3 , O O 

HPO 





Parent-off spThig correlations. 




lO r-* 

SB 

O 

6o 
4 * + 


rHCOxHCDOSQOOQO 
OrHOOOCNCpCp 
0000-0 000 
1 + + 1 + 1 + + 


o o 
o »o 

lO lO 
6 6 
+ + 


I 01 > 0 cat-I-< 0«0 

66666600 

++++++++ 


cDCOOtHOOOCC OCCsW^COrH^I^ 
^OiNMCvICOCdt^ OC^OOC^'^cpop 

jS 6o6 66666666 60000000 

^ ^>^ 4 - 4 . 4 . + Hr 4 - + + + r + + + + + + + 


CO 

6 

+ 


I Cq 
1 66 
+ + 


1> C<j rH O CO rH 
rH O O rH Oq CO 
o "sii CO cN cq 10 t> 
6 666666 
+ ++++++ 


cooo 

O CO 
rfS CO CO 
66 
+ + 


t-OOOt-OOOrH 

r-HCOrHCOCOr-<OJlO 

coioiocqc^cococ^ 

66666660 
+ + + + + + 1 + 


o t> oq o CO 

rH O oq O r-H 

I cq cq i-H CO CO 
1 66 666 
+ 1 + + + 


°ii 

^.11 

9 ^ 


o 

+ 


^ cococo 
43 -5 CO 10 o 

5-6 ooqco 
P d '600 
I + + 


o 

+ 


o 

+ 


CO cq CO 

*>?2 

I >0 CO I o 

16616 
4 * + + 


o 

+ 


O fH 
10 I> 
cq cq 
; 6 6 
+ + 


00 

o 

1 ^ 

1 o 

+ 


CO rH 
6 6 
1 + 


6 

+ 




® & 



Volume XXIII DECEMBER, 1930 


No. 3 


THE GENETICS QEUM INTERMEDIUM WIELD. 
HAUD EHRH.\ AND ITS BACK-CROSSES. 

By ERIC M. MAESDEN JONES. 

{Potterne Biological Station and Royal Botanic Gardens^ Kew.) 

(With Plates XIRXV and One Map.) 

Inteoduotion. 

Geum urbanum and G, rivale are widely distributed in Britain, the 
former occurring in 108 vice-counties^, the later in 101, and G. inter- 
medium, the result of the cross between the two species, is recorded 
from 70^, G, urbanum is found in hedge-banks and on borders of woods, 
while G. rivale and G, intermedium grow in damp woods, copses and 
meadows. % 

The first recorded experiments under control with these species 
would seem to have been made by Gartner^ in 1849. Sowerby® gives a 
description and figure of G, intermedium and says ‘Hhat it is quite inter- 
mediate in appearance between Gn urbanum G, rivale, between 
which it may be a hybrid.” The late Dr Bell Slater^ produced a hybrid 
Geum by crossing G, rivale with G. urbanum. He says, ‘^the result 
obtained was a set of plants intermediate in characters between the 
parent forms, and perfectly identical with the wild plant, the 
intermedium of Ehrhart, such as I have myself found growing in Scotland, 
when botanising, some years since, in the neighbourhood of Edinburgh.” 
It is of considerable interest that Bell Slater obtained a generation by 
crossing in this way. For two years in succession I tried to make the 
hybrid with G. rivale as the seed parent, making many crosses each year, 
but failed to obtain a single viable seed, indeed frequently the achenes 
never developed at all. 

The figure of G. intermedium given by Sowerby^ is not typical of the 

plant obtained by crossing the two species, the flowers being much 

^ Journ. Bot, 19B0, i,XYm, SS, 

2 Qi, Jl, O. Wsi^taon, Topographical Botanp, 2nA edit., 1883. 

^ London Catalogue of British Plants, 192B, ed. XI, V7. 

^ tiber die Bastarderzeugung im Pfldnzmreich, Stuttgart, 184:9, {The Prod/action of 
Hybrids in the Plant Kingdom.) 

® Sowerby’s 1873, in, 199. 

7 Sowerby’s English Botany, 1873, m, Fig. coccMu. 
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too open, but it agrees closely witb plants obtained by crossing G. inter- 
medium with. 0. urbanum. Bentham and Hooker^ state that ‘' where 
G. rimle and 6^. urbanum grow together, specimens are occasionally found 
approaching sometimes more nearly to the one, sometimes to the other. 
They have been described as a species under the name of G. intermedium 
Ehrh., but they are more generally believed to be mere accidental 
hybrids between the two species.’’ The first part of this statement 
describes exactly what is found where the species overlap, plants ap- 
proaching one or the other of the species with a very definite “ accidentar’ 
hybrid, G. intermedium, growing amongst them. Those plants that ap- 
proach G, urbanum the result of back-crosses between G, intermedium 
and ( t . urbanum or vice those approaching G- rimle and almost 

indistinguishable from it have resulted from a back-cross between 
G, intermedium and G. rivale or the reciprocal, while yet others have 
been derived from the generation of G. intermedium. 

In 1912 Weiss^ read before the British Association his paper on 
G, intermedium Ehrh. and its segregates. He demonstrated clearly that 
the hybrid, on selfing, does not breed true, but that considerable segre- 
gation takes place. In 1916 Eosen^ published a paper on Hybridisation 
Experiments with Geum urbanum x rivale, giving very full details of 
his researches. Since the publication of these papers Blaringham^ has 
averred that G. intermedium breeds true, but his own descriptions show 
that this is an erroneous conclusion drawn from the results he himself 
obtained. In my own researches with the hybrid, which in some of the 
characters investigated overlap with those of Weiss and Eosen, but 
include others which they do not mention, segregation does take place ; 
my evidence, if it is needed, proves very clearly that these authors are 
right. It is quite inconceivable to me how Blaringham could possibly 
have arrived at any other conclusion, the fact that segregation takes 
place being quite obvious from a cursory examination of a batch of 
J ?2 seedHngs without any critical analysis,^ 

Origin of plants used in experiments at Potterne, 1924-8. 

Four plants were collected in the wild as follows: 

G, urbanum, Stock plant A. Potterne, Wiltshire. 

G, rivale. Stock plant C. Mth Valley, Dumfriesshire. 

^ The British Flora, 1918, p. 132. ® British Association, 1912, p. 675. 

® Botanisha Notiser for ar 1916, pp. 163-72, 

^ “Habilite et fertilite de Thybride Q, urbanum L, x(t. rivale L.” Comptes renius 
Acad. Sci, 1920, T, 170, p. 1284. Paris. 
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6^. Stock plant B. Mtk VaEey, Dumfriessliire. 

G, intermedium x rivale. Stock plant P. Ufton Wood, WarwicksMre. 

Geum urbanum Linn. Stock plant A. 

Stem. Up to 8 dm. Mgk. 

Anihocyanin. A trace, greenish red in pedicels and calyx segments. 

Hairs. Plant sparingly hairy, with a few white gland tipped hairs 
on peduncles, pedicels and calyx segments. 

Leaf. Radical leaves stalked, pinnate and lyrate; stem leaves ternate 
or threedobed, stipules of lower cauline leaves very large, foliaceous, 
rounded, lobed and toothed. Average size 3-5 cm. long, 3*5 cm. broad; 
3 cm. long, 2-8 cm. broadh 

Calyx. Q-amosepalous, sepals 10, reddish green, spreading and re- 
flexing. Inner segments triangular-acuminate, outer ones very small 
linear-lanceolate. 

Corolla. Polypetalous, petals 5, spreading, obovate-elliptical, rounded 
at apex, no claw at base (PL XIII, fig. 1). 

Androecium. Filaments yellowish green, turning yellowish pink with 
age, ripe anthers orange. 

Gynaecium. Styles bright red, upper joint of style 2 mm., glabrous 
above, then clothed with a few short hairs to the articulation, glabrous 
below, with a few minute hairs above achene and a very few minute white- 
tipped glandular hairs Lower joint 8 mm. 

Petal colour. Pale lemon, slightly tinging pink on underside. 

Flower habit. Very slightly drooping. 

Fruit. Achenes compressed, narrowly ellipsoid, plumose and hispid. 

Carpophore. None. 

Maturity. Later than waZe. 

Geum rivaleliixm.. Stock plant C. 

Up to 6 dm. high. 

Anihocyanin. A little in upper part of stem, purphsh, much in 
peduncles, pedicels and calyx segments. 

Hairs. Plant sparingly hairy, densely covered with red-tipped 
glandular hairs on peduncles, pedicels and calyx segments. 

Leaf. Radical leaves stalked, pinnate and lyrate; stem leaves ternate 
or three-lobed, stipules of lower cauliae leaves very small, ovate and 
coarsely toothed. Average size 1 cm. long, 4 mm. broad; Ul cm, long, 
5 mm. broad. 

^ The two sets of measurements refer to the two stipules of one pair. 
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Calyx, G-amosepalous, sepals 10, purplish, erect, adpressed to re- 
ceptacle after flowering; inner segments triangular-acuminate, outer 
segments small linear-lanceolate. 

Corolla, Polypetalous, petals 6, erect, limb broadly oblate, retuse, 
abruptly contracted into a long narrowly wedge-shaped claw at base 
(PI XIII, fig. 2). 

Androecium, Fihmejits greenish white, turning pinkish with age; 
ripe anthers deep lemon. 

Gynaecium, Styles purplish red, upper joint of style 6 mm., glabrous 
above, then clothed with plumose hairs to the articulation, glabrous 
below, plumose above achene with many red-tipped glandular hairs. 
Lower joint 9 mm. 

Flower colour. Pinkish brown. 

Flower hahit. Pendulous. 

Fruit, Achenes compressed, narrowly ellipsoid, plumose and hispid. 

Carpophore, 5 mm. 

Maturity, Earlier than 

Willd. hand Ehrh. Stock plant B. 

Stem, Up to 8 dm. high. 

Anthocyanin, A medium amount, reddish purple, in peduncles, 
pedicels and calyx segments. 

Hairs, Plant sparingly hairy, with numerous red-tipped glandular 
hairs on peduncles, pedicels and calyx segments. 

Leaf, Radical leaves stalked, pinnate and lyrate; stem leaves ternate 
or three-lobed; stipules of lower cauline leaves medium, foliaceous, 
rounded, deeply lobed and toothed. Average size 2*4 cm. long, 2*1 cm. 
broad; 1*9 cm. long, 1-6 cm. broad. 

Calyx, Gamosepalous, sepals 10, reddish, semi-erect to semi-spreading, 
adpressed to receptacle after flowering; inner segments triangular- 
acuminate, outer segments small linear-lanceolate. 

Corolla, Polypetalous, petals 6, semi-erect, to semi-spreading, 
roundish obovate, rounded at apex, narrowed into a short wedge-shaped 
claw at base. 

Androecium, Filaments yellowish green turning yellowish pink with 
age; ripe anthers orange. 

Gynaecium, Styles bright red; upper joint of style 4 mm., glabrous 
above, then clothed with plumose hairs to the articulation, glabrous 
below, sparingly plumose above achene with a few red-tipped glandular 
hairs. Lower joint 9 mm. 
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Flower colour. Orange, under surface veined and flushed pink. 

Flower habit. Pendulous. 

Fruit. Acienes compressed, narrowly ellipsoid, plumose and Mspid. 

Carpophore. 2 mm. 

Makirity. As rivale, 

Geum intermedium x rivale. Stock plant F. 

Stem. Up to 64 dm. HgL 

Anthocyanin. With little in upper part of stem, purplish, much in 
peduncles, pedicels and calyx segments. 

Hairs. Plant sparingly hairy, densely covered with red-tipped glan- 
dular hairs on peduncles, pedicels and calyx segments. 

Leaf, Radical leaves stalked, pinnate and lyrate; stem leaves ternate 
or three-lohed, stipules of lower cauline leaves small, ovate, lobed and 
coarsely toothed. Average size 1 cm. long, 6 mm. broad; 1*2 cm. long, 
6 mm. broad. » 

Calyx. Gramosepalous, sepals 10, purplish, erect, adpressed to re- 
ceptacle after flowering; inner segments triangular-acuminate, outer 
segments small linear-lanceolate. 

Corolla. Polypetalous, petals 5, erect, oblate, slightly retuse, abruptly 
contracted into a short wedge-shaped claw at base (PL XIII, fig. 3). 

Androecium, Filaments greenish white, turning pink with age; ripe 
anthers lemon. 

Gynaecium. Styles purplish red, upper joint of style 4 mm., glabrous 
above, then clothed with plumose hairs to the articulation, glabrous 
below, plumose above achene with many red-tipped glandular hairs. 
Lower joint 7*5 mm. 

Flower colour. Deep buff, veined and flushed rose on upper and lower 
surfaces. 

Flower hahit. Pendulous. 

Fruit. Achenes compressed, narrowly ellipsoid, plumose and hispid. 

Carpophore. 6 mm. 

Maturity. As rivale. 

BREEDINa RESULTS. 

The characters studied are as follows: 

1. Presence and absence of anthocyanin. 

2. Glands on peduncles, pedicels and calyx segments. 

3. Petal shape. 

4. Petal claw. 
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5. Hairs above stylar articulation. 

6. Hairs on style immediately above acbene. 

7. Glands above acbene. 

8. Colour of glands above acbene. 

9. Petal colour. 

10. Flower babit. 

11. Length of carpophore. 

12. Maturity. 

Below are the characters contrasted in the two species : 

Geum urbanum. Geum rivale, 

1 . Antbocyanin — ^absent. 

2. Glands on peduncles — ^few. 

3. Petal shape— obovate-elliptical. 

4. Petal claw—none. 

6. Hairs above articulation — 

short. 

6. Hairs on style above acbene — 

short. 

7. Glands above acbene— few. 

8. Colour of glands — ^white. 

9. Petal colour — pale lemon. 

10. Flower habit — ^almost erect. 

11. Carpophore — absent. 

12. Maturity — ^later than rivale, 

X D, 62. Geum urbanum Stock plant A ? x rivale Stock plant G cj. 

(PlateXIL) 

A generation of forty-four plants was raised quite indistinguish- 
|bble from natural hybrids observed in the wild, and comparable with 
G. intermedium B already described. 

Analysis of characters^. 

1. Anihocyanin. All 44 plants identical, reddish purple. 

2. Glands on peduncles, pedicels and calyx segments. Few, 33. 
Many, 11. 

^ It was not always possible to score every plant for all the characters studied. The 
counts therefore, in some cases, do not agree with the number of plants in the genera- 
tions. 


Anthocyanin^ — ^present, purplish. 

Glands on peduncles — many. 

Petal shape — ^broadly oblate, re- 
tuse. 

Petal claw — long, wedge-shaped. 

Hairs above articulation— plu- 
mose. 

Hairs on style above acbene — 
plumose. 

Glands above acbene — many. 

Colour of glands— red. 

Petal colour — ^pinkish brown. 

Flower habit — ^pendulous. 

Carpophore — ^present. 

Maturity — earlier than urbanum. 
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3. Petal shape (PL XIV, fig. 4). Identical, roundish obovate, rounded 

at apex, 44. 

4. Petal claw. Identical, with, siort wedge-shaped claw, 44. 

5. Hairs above stylar articulation. Identical, plumose, 44. 

6. Hairs on style immediately above achene. Identical, sparingly 
plumose, 44. 

7. Glands above achene. Absent, 39. Very few, 5. 

8. Colour of glands. Identical, red-tipped, 44. 

9. Petal colour. Identical, orange, under surface veined and flushed 
pink, 44. 

10. Flower habit. Identical, pendulous, 44. 

11. Length of carpophore. Absent, 39. 1 mm. 4. 2 mm. 1. 

12. Maturity. Identical, as rivals, 44. 

Comments on characters analysed. 

Prom the above figures it ^ill be seen that although G. intermedium . 
appears to be quite intermediate between its parents, it is not really so. 
The only intermediate characters amongst the twelve analysed are 3, 4 
and 9, while 1, 5, 6, 8, 10 and 12 are completely dominant nmJe char- 
acters. In 2 and 11 the urbanum character appears in the majority of 
plants, in 2 the simple 3:1 ratio is obtained, in 11 the ratio is 7-8 : 1, 
7 shows loss of a character, in urbanum the glands above the achene are 
few, in waJe many; thirty-nine out of the forty-four plants scored 
have none. 

Taking all the characters into account rivals is the more dominant 
parent. It would perhaps be better if petal colour was classed in a 
separate group, since, as shown by Weiss, it is due to the inheritance 
of distinct factors from each parent, whose resultant characters give 
together a blending result in J?"!. 

X D 69. Geum intermedium Stock plant B selfed. 

An F 2 generation was raised consisting of sixty-three plants. On 
looking over these individuals it was apparent that a considerable 
amount of segregation had taken place, also that distinct types of plants 
had appeared. It was possible definitely to divide these into four groups 
which were lettered S, T, Y, Z, but the analysis of the characters was 
taken for the whole generation irrespective of the groups. 

Group S. Om plant rather like rivale in appearance. Stipules of 
lower cauline leaves rather small, foliaceous, rounded, lobed and toothed. 
Average size 1*5 cm. long, 1-2 cm. broad; 1*5 cm. long, 1*1 cm. broad. 
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A plant resembling tbis individual, but with rather paler petals, was 
found in the wild and might have been taken for a pale form of rimle. 

Group T. Five plants, with small erect to semi-spreading flowers. 
Stipules of lower cauline leaves rather small, foliaceous, rounded, lobed 
and toothed. Average size 1*6 cm. long, 1 cm. broad; 1*7 cm. long, 
hi cm, hiosid. l^eSbieT intermedium thm rivale. 

Group Y, Seven plants, with small semi-erect flowers never spreading, 
stipules of lower cauline leaves rather small, foliaceous, rounded, lobed 
and toothed. Average size 1*5 cm. long, 9 mm. broad; 1*1 cm. long, 
6 mm. broad. Nearer rivale than intermedium. 

Group Z. Fifty plants, with large semi-erect to semi-spreading 
flowers. Stipules of lower cauline leaves rather small, foliaceous, rounded, 
lobed and toothed. Average size 1*5 cm. long, 9 mm. broad; 1*6 cm. 
long, 8 mm. broad. Near intermedium. 

Analysis of characters. 

r . 

1. Anthocyanin. Absent, 9. Much, 64. 

2. Glands on peduncles, pedicels and calyx segments. Few, 3, 
Many, 49. 

3. Petal shape. Oblate, 6. Eoundish obovate, 16; broadly obovate, 
23; very broadly obovate, 18. 

4. Petal claw. Very short, 15. Short, 48. 

5. Hairs above stylar articulation. Short, 21, Plumose, 37. 

6. Hairs on style immediately above achene. Short, 0. Plumose, 56. 

7. Glands above achene. Few, 41. Many, 13. 

8. Colour of glands. White-tipped, 9. Eed-tipped, 54. 

9. Petal colour. Orange, veined pink above, 42. Buff, veined pink 
above, 18. Lemon, veined and flushed pink on under surface, 2, Prim- 
rose, 1. 

10. Flower habit. Drooping, 5. Pendulous, 58. 

. 11. Length of carpophore. Absent, 39. 1 mm. 11. 2 mm. 8. 3 mm. 4. 
4 mm. 1. 

12. Maturity. As rivale. 

Comments on characters analysed, 

. From selfing Geum intermedium, the ratios obtained for the various 
characters in many cases do not conform to simple MendeHan expec- 
tation. 

1. The rivale character appeared in the majority of plants, fifty-four 
had much anthocyanin and nine none. The expected ratio was 3:1, 
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actually it was 6:1. From tlie data obtained nvale is seen to be either 
dominant or predominant in several of the characters analysed. It is 
suggested that this predominance has inhibited the showing of the 
expected ratio. A similar statement holds for 8, where a ratio of 6 : 1 
was also obtained. 

2. 'No Mendehan ratio occurs, the rimle character for many glands 
being almost completely dominant, only three plants in the generation 
being sparingly glandular. 

3. We have here four types of petal shapes. There were no plants 
with petals that agree in shape with those of tirbanum, six that were 
oblate in outline as rivale, sixteen roundish obovate as intermediim^ 
twenty-three broadly obovate and eighteen very broadly obovate. By 
classing together the obovate type of petal there is a total of fifty-seven 
against six oblate. No simple Mendehan ratio obtained. 

4. There were no plants in the generation without a claw as in 
urbanum, and plants with thejong claw oi rivale were also absent, forty- 
eight were as intermedium with a short claw and fifteen had a very short 
one. The ratio obtained is 3*2 : 1, iho intermedium character appearing 
in the majority of the plants, but it is a matter of degree, and rather 
difficult to score. 

5. If the generation had been larger it is probable that a 3 : 1 ratio 
would have resulted, that actually obtained is 1-8 : 1, the rivale character 
appearing in the majority of plants. 

6. The rivale character for plumose hairs is completely dominant as 
it was in the . It is quite inexplicable why there were no plants with 
short hairs, while twenty-one had short hairs above the stylar articula- 
tion. This is a very clear cut character, urhanum having short, and rivale 
plumose hairs. 

7. This is the first instance of an urhanum character appearing in 
most of the plants, the ratio for few to many glands being 3*2 : 1. 

8. Seel. 

9. For petal colour there are several factors involved and this genera- 
tion and the subsequent ones are too small to give any satisfactory 
explanation of the results obtained. 

IG. The nmZe character is almost completely dominant, only five 
plants out of the sixty-three having drooping flowers. 

11. In eleven plants it was just possible to measure the carpophore, 
in thirty-nine it was absent; these together give a total of fifty, against 
thirteen with the carpophore ranging from 2 mm. to 4 mm., giving a 
ratio of 3*8 : 1, the urbanum character appearing in the majority of plants. 
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12. All tlie plants flowered before urbanum^ tbe early maturity of 
maZe being completely domiuaut as it was in tbe generation. 

X D 60. Geum intermedium Stoch plant 5 $ x rivale Stock plant 0 

There were forty plants in the generation, the rwZe characters 
strongly predominating, as would be expected from the history of this 
cross and from the results obtained in the and generations which 
gave a preponderance of dominant rivale characters. The fifteen plants 
with pinkish brown petals were superficially very like nmZe, indeed any 
of the plants in this generation might easily be mistaken for such in the 
field. No distinct types stood out as in the jPg generation, the appearance 
of the plants in the beds giving the impression that they were a batch 
of rivahy no segregation having taken place comparable with that ob- 
tained from back-crossing intermedium with urbanum. For petal shape 
it was possible to divide the plants into two groups, 0 and Q. 

Group 0. Ten plants, with obovate petals, stipules of lower cauline 
leaves small, ovate, lobed and coarsely toothed. Average size, 9 mm. long, 

3 mm. broad; 1*2 cm. long, 6 mm. broad. 

Group Q. Thirty plants with oblate petals, stipules of lower cauline 
leaves small, ovate, lobed and coarsely toothed. Average size 1*2 cm. long, 

4 mm. broad; 9 mm. long, 3 mm. broad. 

Analysis of characters, 

1. Anthocyanin, Absent, 0. Much, 40. 

2. Glands on peduncles^ pedicels and calyx segments. Few, 1. 
Many, 39. 

3. Petal shape (PL XIV, fig. 6). Roundish obovate, 2; broadly 
obovate, 8. Oblate, 2; broadly oblate, 28. 

i. Petal claw. Short, 13. Long, 27. 

5. Hairs above stylar articulation. Short, 0. Plumose, 38. 

6. Hairs on style immediately above achene. Short, 0. Plumose, 38. 

7. Glands above achene. Few, 20. Many, 18, 

8. Colour of glands. White-tipped, 0. Red-tipped, 40. 

9. Flower colour. Pinkish brown, 15. Deep buff, 10. Pale buff, 14. 
Orange, 1. All veined and flushed pink on upper and under surfaces. 

10. Flower habit. Drooping, 0. Pendulous, 40. 

11. Length of carpophore. Absent, 7. 1 mm. 5. 2 mm. 4. 3 mm. 5. 
4 mm. 9. 5 mm. 5. 6 mm. 5. 

12. Maturity, As rivale. 
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Com^nents on characters analysed, 

1. All tlie plants had much anthocyauin in peduncles, pedicels and 
calyx segments ; nmfe character dominant. 

2. The glands fluctuated slightly in number on different plants, one 

had to be scored as but no individual had the few glands of 

urhanum] rimle character dominant. 

3. There were, classing together the roundish obovate and the broadly 
obovate, the oblate and the broadly oblate, two types of petal shapes, 
thirty agreeing in outline with rimle and ten with intermedium, giving a 
ratio of 3 : 1, the rivale character appearing in the majority of plants. 

4. F or this character rivale is dominant in twenty-seven plants which 
had a long claw, while thirteen had the short claw of intermedium, giving 
a ratio of 2 : 1. If the generation had been larger, it is probable that a 
3 : 1 ratio would have been obtained. 

6. Rivale character completely dominant. 

6. Rivale character completely dominant. 

7. Here segregation has taken place, twenty plants having few and 
eighteen many glands, giving a ratio of 1 : 1. As intermeditim is hetero- 
zygous, this is as would be expected. The rivale character for many 
glands was not dominant in or F^ and consequently has not sup- 
pressed the expected ratio. 

8. No segregation, the rivale character dominant. 

9. Fifteen plants had petals indistinguishable from rivale in colour, 
twenty-four near rivale, and only one with the orange colouring of 
mifemedmm; nmile character predominant. 

10. character dominant. 

11. Twenty-eight plants had a carpophore from 2 mm. to 6 mm. 
long. By classing together the plants that had no carpophore and those 
with a carpophore of 1 mm. as was done in the F^ generation a total 
of twelve was obtained. This gives a ratio of 2-3 : 1, an approximation 
to a 3 : 1, with the rivale character appearing in the majority of plants. 

12. Rivale character dominant. 

X D 61. Geum intermedium Stock plant jB $ x urbanum Stock plant A cj. 

Fifty-five plants. 

X D 64. Geum urbanum Stock plant A^x intermedium Stock plant B 

Thirty-nine plants. 

As the results were identical from these two crosses, it was thought 
desirable to add them together for analysis ; there were, therefore, ninety- 
four plants considered as a generation. 
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With the exception of four plants, two of intermedium and two of 
urbanum, the whole generation was superficially very like urhanum, 
indeed in the field many of them would have been passed for urbanum. 
The plants were divided into four groups, i, M, H and 

Group L, Fifty-two plants with petals var 3 ?ing in shape from ohovate- 
elliptical to very broadly obovate, calyx not reflexing, stipules of lower 
cauhne leaves medium, fohaceous, rounded, lobed and toothed. Average 
size 2-1 cm. long, 2-3 cm. broad; 2*6 cm. long, 2*7 cm. broad. 

Group M. Thirty-eight plants with petals as in Group calyx re- 
flexing, stipules of lower cauhne leaves medium, fohaceous, rounded, lobed 
and toothed. Average size 2*2 cm. long, 2*2 cm. broad; 2*6 cm. long, 
2*1 cm. broad. 

Group H. Two plants, typical intermedium^ petals roundish obovate, 
stipules of lower cauhne leaves medium, fohaceous, rounded, lobed and 
toothed. Average size 2*4 cm. long, 2*1 cm. broad; 2*4 cm. long, 2*1 cm. 
broad. One from each reciprocal cross. 

Group G, Two plants, typical urbanum, petals obovate-eUiptical, 
stipules of lower cauhne leaves large, fohaceous, rounded, lobed and 
toothed. Average size 2*7 cm. long, 2*6 cm. broad; 2*7 cm. long, 2*7 cm. 
broad. One from each reciprocal cross. 

Analysis of characters, 

1. Anihocyanin. Absent, 42. Little, 60. Medium, 2. 

2. Glands on peduncles, pedicels and calyx segments, IsTone, 1. 
Few, 61. Medium, 32. 

3. Petal shape, Obovate-elhptical, 48. Eoundish obovate, 14; 
broadly obovate, 14; narrowly obovate, 18. 

4. Petal claw. Absent, 60. Short, 34. 

6. Hairs above stylar articulation. Short, 61. Short plumose, 41. 
Plumose, 2. 

6. Hairs on style immediately above achene. Absent, 27, Short, 6. 
Sparingly plumose, 61. 

7. Glands above achene. Absent, 43. Few, 48. Many, 0. 

8. Colour of glands (scored from calyx segments). White-tipped, 41. 
Eed-tipped, 62. 

9. Flower colour. Lemon, 25, Orange veined pink, 24. Lemon 
veined pink, 27. Orange, 18. 

10. Flower habit. Very shghtly drooping, 92. Pendulous, 2^. 

11. Length of carpophore. Absent, 94. 

12. Maturity. As urbanum, 92. As rivale, 2K 

^ These characters are derived from, the two plants of intermedium in the generation. 
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Comments on chamcten analysed, 

1. There were forty-two plants with no anthocyanin as urbanum, 
two with the medium amount of intermedium and fifty in which a little 
developed, much more than the slight trace which may be found in 
urhanum^ which when found is never, so far as I have observed, corre- 
lated with red glands. The ratio obtained is an approximation to 1 : 1. 

2. Sixty-one plants had few glands, thirty-two had a medium number 
and one none. The urbanum character appeared in the majority of 
plants, the ratio being approximately 2 urbanmn : 1 intermedium. 

3. There were forty-eight plants with obovate-elliptical petals and 
by classing together those with roundish, broadly and narrowly-obovate 
petals a total of forty-six is obtained giving a ratio of 1 : 1. 

4. In sixty plants the claw was absent, and in thirty-four short, 
giving an approximate ratio of 2 u/rbanum : 1 intermedium. 

5. The ratio here obtained agrees closely to a 1:1, there being 

fifty-one plants with short and forty-three with plumose hairs, but 
attention is called to a new character, viz. a short type of plumose hair, 
very distinct from the plumose hairs found in rimle and intermedium. 
It might be suggested that a double dose of urbanum the full 

development of the plumose character. 

6. There were sixty-one plants with sparingly plumose hairs, six 
with short hairs but not so minute as those of urbanum and twenty-seven 
from which the hairs were altogether absent, showing the loss of a 
character. The intermedium character appeared in the majority of 
plants. 

7. Forty-eight plants had the few glands of urbanum] in forty-three 

they were absent. The ratio obtained is approximately 1:1, but the 
absence of glands shows loss of a character. • 

8. There were forty-one plants with white-tipped glands and fifty- 
two with red-tipped— an approximation to a 1 : 1 ratio. 

9. Twenty-five plants had petal colour as urbanum and twenty-four 

intermedium] further, there were twenty-seven plants with lemon 

veined pink petals and eighteen with orange petals. Ko simple Mendelian 
ratio obtained. 

10. The character is predominant, only two plants having 

pendulous flowers, 

11. The ter&aw'wm character dominant, 

12. The character is predominant, two plants only flowering 

earlier than 
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X D 66. Collected bach-cross Geum intermedium x rivale Stoch 
plant F. 8elfed, 

The generation of fifty-four plants obtained from x D 66 gives results 
that are of great importance and interest. No segregation took place in 
the ordinary sense of the word, the plants were Hke their parent, only 
minor fluctuations being observed, such as are to be found within the 
range of a species. This result, and that obtained by back-crossing 
intermedium with rivale^ must be taken into account when studying a 
wild population. Without the data obtained from controlled work, con- 
siderable confusion must arise in attempting to define true rivale^ and 
in separating it from plants that are of back-cross origin. 

Analysis of characters. 

1. Anthocyanin. Absent, 0. Much, 54. 

2. Glands on peduncles, pedicels and calyx segments. Few, 0. Many, 64. 

3. PetoZ s/iaye (PL XIV, fig. 6). Broadly oblate, 54. 

4. Petal claw. Short, 54. Long, 0. 

5. Hairs above stylar articulation. Short, 0. Plumose, 54» 

6. Hairs on style immediately above achene. Short, 0. Plumose, 54. 

7. Glands above achene. Few, 0. Many, 54. 

8. Colour of glands. White-tipped, 0. Eed-tipped, 54, 

9. Flower colour. Pale buff, veined and flushed rose, 23. Deep buff, 
veined and flushed rose, 31. 

10. Flower habit. Dxoo'pmg, 0. Pendulous, 64. 

11. Length of carpophore. Eanging from 4 mm. to H mm. 

12. Maturity. Ab rivale. 

Comments on characters analysed. 

As will be seen from the above analysis the characters studied agree 
very closely with those of the parent. 

Field woek* 

Beside the controlled breeding work, a very careful study has been 
made of a Geum population growing in a wood at Bradfield, Berks., 
V.C, 22 (Plan). The results obtained from this examination are of great 
interest, and are strengthened by the facts derived from the experimental 
work. 

The part of the wood on the north-west side of the Eiver Pang had 
been cut about 1925, and is composed of SaUxfragilis Linn., S. cinerea 
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Linn,, S. viminalis Linn., S, purpurea Limi, fornaa Lamber liana {Smith.), 
8. aurita x cinerea (8, lutescens A. Kerner), 8. aurita x %nminalis 
{8. frutieosa Dolt) ^ 8, fragilis x triandra {8, alopecuroides Tanscli), 



Betula pubescens Elirliart, Populus tremula Linn, var,, Alnus rotundifolia 
Mill., Fraxinus excelsior Jjimi., Ulmus campestris hhm., Ulmus major 
Smith {U, montana^x nitens), Cornus sanguinea lAmi., Crataegus mono- 






392 


Genetics of Geum intermedium 

gyna Jacq., Prunus spinosa Linn,, stylosa Desvaux, var, systyla 
Baker, 5. armnsis Huds., R. Tkiullier, Cnicus Willd., 

Rumex glomemtus Sclirelb., Hypericum perforatum Linn., Mercurialis 
perennis Linn., Ranunculus repens Linn., Hedera Helix Linn., TJrtica 
dioica Linn., Caucalis Anthriscus Ends., Epilobium montanum Linn., 
E. hirsutum Linn., Trifolium repens Linn., Arctium minus P>exjih..y Lathy - 
rus pratensis lmri.^ Polygonatum multiflorum Alt., Iris Pseudacorus Linn., 
Grepis Walk., Stellaria Holostea Linn., Scrophularia aquatica 

Linn., Spiraea XJlmaria Linn., Eupatorium cannabinum Linn., Angelica 
sylvestris Lmn,, Clinopodium vulgare Linn., Juncus effusus Linn., Carex 
riparia Curt., and Bromus gigantea Linn, 

The part on the south-east side of the river is composed of Alnus 
rotundifolia Mill., approximately 30 ft. in height giving considerable shade, 
Salix cinerea Linn., S. fragilis x triandra {S. alopecuroides Tausch), 
S. caprea x viminalis {S. mollissima Smith), Betula puhescens Ehrhart, 
Prunus cerasifera Ehrhart, Euonymus europaeus Linn., Rosa dumetorum 
Thuillier forma semiglabra W.-Dod., Corylus Avellana Linn., Solanum 
Dulcamara Linn., Qalystegia sepium Br., TJrtica dioica Linn., Spiraea 
Ulmaria Liim.y Eupatorium cannabinum Linn., Scrophularia aquatica 
Linn., Iris Pseudacorus Linn., Mercurialis perennis Linn., Stachys syl- 
vatica Linn., Stellaria Holostea Linn., S- aquatica &Gop., Epilobium hir- 
sutum Linn., Symphytum officinale Linn., Carex riparia Curt., Phalaris 
arundinacea Linn., snA Deschampsia caespitosa BeauvA 

On the north-west side the wood can be divided into two zones, wet 
and dry, the dividing line being roughly half-way between the river and 
the hedge. Along the hedge are found plants of Geum urbanum, urbanum 
X intermedium, segregates imm intermedium, and a few plants oi inter- 
medium X rivale. In the dry zone appear intermedium, intermedium x 
urbanum, segregates from intermedium, and a number of plants of inter- 
medium X rivale. At the edge of the wet zone are found a few plants 
of intermedium, intermedium x urbanum, and many plants of 
medium X rivale. The wet zone contains plants of nmfe and rivale x 
intermedium only, but the predominant population is the back-cross 
(PL XV, fig. 7). Growing along the hedge on the north-east side of the 
wood nearly to the river are a few plants of G. urbanum. The plants of 
back-cross origin agree very closely with those obtained from the con- 
trolled work; the back-crosses of urbanum x intermedium origin have 
calyces adpressed or reflexing, corollas erect, semi-erect or spreading, 
the colour of the petals varying from pale lemon to yellow. Towards the 
^ Th,e liste giyen are of the principal species observed on 5 September, 1929, 
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west side of the wood, close to the edge, are a colony of plants of 
v/rhojYiMjWj X parentage without anthocyanin, with reflexing 

calyces, and lemon petals. The plants of intermedium seen are typical of 
the plant obtained by crossing urhanum with rimle. 

The most interesting plants studied were the rimle x intermedium 
group, the calyces of which are as rivals, and petal shape some as rivale, 
some oblate but not retuse, others rounded. The colour varies from buff 
flushed pink to deep buff veined pink. 

In the portion of the wood on the south-east of the river no plants 
oi urhanum rivale or intermedium are to be found, and most of the popu- 
lation, which is considerable, consists of rivale x intermedium (PI. XV, 
fig. 8). Growing amongst these are a few plants with semi-spreading 
calyces and corollas, and in one place a colony of about twenty of such 
plants, with colour of petals lemon, slightly veined red, or pinkish 
(PL XY, fig. 9). The plants with lemon petals have no anthocyanin and 
the glands are white; the ones with the pinkish petals have less antho- 
cyanin than rivale, but the glands are red. Outside the wood there are 
plants of urhanum within pollinating distance; it is suggested that the 
plants with the open flowers are rivale x intermedium x urhanum, and the 
fact that such plants are found lends additional support to the plants 
mentioned above being rivale x intermedium. That urhanum and inter- 
medium are not to be seen in this part of the wood is, I think, explained 
by the fact that it is very dense and wet, and not a suitable habitat for 
these plants. A rough field adjoins the wood on the south-east, rivale 
occurs here, but the majority of the plants are of rivale x intermedium 
origin. The colour of the petals of such plants varies from pale lemon 
flushed pink, buff more or less flushed pink, to white flushed pink. 

From the study of these three populations it at once becomes ap- 
parent that the back-cross rivale x intermedium is having a marked 
influence, and, in this locality at any rate, it would appear that in the 
near future it will completely replace true rivale, indeed in the wood 
on the south-east of the river it has already done so. 

Summary. 

From the study of a large number of individuals of Geum intermedium 
both in the Experimental Ground at Potterne and in the wild, it seems 
that the Fi plants resulting from a cross between G, urhanum and G, rivale 
are always identical, with exceptions only in the number of glands and 
length of carpophore, and that in reality the is not intermediate 
between the two species. In the characters I have studied only three 
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are intermediate, six show complete dominance of the wafe characters, 
and in three segregation takes place, the urbamm character appearing 
in the majority of plants in two cases, but in the third most of the plants 
show loss of a character, the glands above achene, common to both 
parents. On selfing G, intermedium segregation always takes place. 
Beside the account given of the generation obtained from x D. 59 
six other plants from x D. 62 were selfed in order to see if it were 
possible to find a plant that might breed true, but in every case segre- 
gation took place. In the from x D. 59 four distinct types of plants 
appeared, none of them exactly comparable with either urbanum^ rivaleox 
intermedium. The results obtained from the back-crosses, x D. 60, x D . 61 
and X D. 64 do not, for most characters, agree with the expected ratio of 
1:1; in x D. 60 the rivale characters were, with one exception, either 
completely dominant or predominant. In x D. 61 and x D. 64, though in 
five cases a ratio of 1 : 1 was obtained, only in two was it what may be 
described as a straight ratio between the characters of the two species. 
Attention is also called to a new type ef hair, short plumose, in x D. 61 
and x D. 64, This is a new character and it is suggested that it has 
arisen through the inhibiting effect of a double dose of urbanum. In the 
same crosses many plants show the loss of two characters, hairs on style 
above achene, and glands above achene. The phenomenon of the ap- 
pearance of new types on crossing has been recorded by Lotsyh The 
occurrence of new types in offspring from Centaur ea crosses has also 
.been observed^. Winge^ found that on back-crossing, the offspring are 
most hke the parent used for the back-crosses. This is also my experience, 
but there is a vast difference in the behaviour of the back-crosses on selfing. 
Very considerable segregation takes place when a plant of the back-cross 
intermedium x urbanum is selfed, for example in the number of glands, 
colour of petals, and type of flowers, some having flowers near urbanum^ 
with or without reflexing sepals, others near intermedium, with sepals 
reflexing, adpressed or spreading. 

On selfing the back-cross intermedium x rivale a very different state 
of affairs is apparent, very Httle segregation taking place, so little, in 
fact, that without critical analysis, the plants might aU be mistaken for 
rivale, Winge calls attention to this point, but suggests that back-crosses 
will again merge with the parent species. Prom field observations made 

^ Evolution by Means of Hybridisation, pp. 127-131. 

2 Marsden- Jones and Turrill MS. 

^ 0, Wmge, ArtkrydsningsprobleTn&r i Planteriget, Beretning om Nord. Jordbru<yaf orsk 
roren. tredie Kongres, Oslo, 1926. 
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in a wood at Bradfield, Berks., it would appear that in that locality at 
least this is not so, the back-cross having become stabilised and very 
largely replacing rivale, an example of a wild population of a new type 
arising from inter-specific hybridisation. 

Samples of the material dealt with in this paper are preserved in the 
Herbarium at Kew. 


EXPLANATION OF PLATES XII— XV. 

Plate XIL 

Geum intermedium Willd. baud Ehrb. Pig. 1 is of a plant produced artificially by 
crossing G, urbanum Btodk plant A with rivale Stock plant 0. Pig. 2. A flower x 1| , 
with the sepals pressed back to show their shape and the position of the petals. 
Pig. 3. Achene x 4. 

Plate XIIL 

Pig. 1. Petals of G. urbanum Linn. Stock plant A. 

Pigv 2. Petals of (?. mafe Linn. Stock plant C. 

Pig. 3. Petals of X Stock plant P. 

Plate XIV. 

Pig. 4. A petal from each plant in;x D. 62, G, urbanum Btodk plant A. 'n rivale Stock 
plant C. 

Pig. 5. A petal from each plant in xB. 60, G, intermedium Btodk plant B x rivale Stock 
plant 0. 

Pig. 6. A petal from each plant in x B. 66, G, intermedium x rivale Stock plant P. Atten- 
tion is called to the similarity in the shape of the petals, 

Plate XV. 

Pig. 7. Petals from separate plants collected at random on the north-west side of the 
wood at Bradfield, Berks. 1st row, left: G, intermedium x urbanum and segregates; 
right: G. rivale, 2nd mA Zvdi XOWQ, G. rivale x intermedium. It will be seen that 
many of the petals in rows 2 and 3 can be matched with petals in PI. XIV, figs. 5 and 6. 

Pig, 8. Petals from separate plants collected at random on the south-east side of the 
wood at Bradfield, Berks. The similarity between these petals and those in PI. XIV, 
figs. 5 and 6 is very striking. 

Pig. 9. Petals from separate plants with spreading calyces and corollas collected on the 
south-east side of the wood at Bradfield, Berks. 
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STUDIES ON THE CEEEPEE FOWL. 

I. GENETICS. 

By WALTER LANLAUER anb L. C. DUNN. 

{Storrs Agricultural Experiment Station, Storrs, Conn.) 

(With Plate XVL) 

The so-called Creeper breed of fowls is characterised by a pronounced 
shortness of the extremities. Cutler has given a sufficient description of 
the external appearance and the morphology of the skeleton of such 
chickens. He found that all the bones of legs and wings are shortened, 
that the tibia usually is strikingly bent, and that the fibula is much 
better developed than in ordinary chickens. 

In a preliminary report we were able to confirm Cutler’s conclusion 
that the Creeper traits are doSiinant over the normal ones, and we ad- 
vanced the tentative conclusion that in the homozygous condition the 
Creeper gene acts as a lethal early in embryonic development. 

Since then we have accumulated a considerable amount of breeding 
data which will be presented in this report. Later communications will 
deal with the histology of the bones of Creeper fowls, the growth of the 
bones, the appearance of homozygous embryos, and other problems. 

The material for our genetic experiments consisted of four unrelated 
strains of Creeper fowls. Our first Creeper line was derived from the 
specimens which we obtained through the kindness of Dr I. E. Cutler. 
The original birds were bred inter se and also to Leghorn pullets. To all 
these birds we shall refer as American ’’ Creepers (Plate XVI, figs. 2 
and 3). Our second Creeper line descended from ten birds imported from 
Germany^; they were bred inter se as well as to Leghorns. To these 
animals we shall refer as German ’’ Creepers (Plate XVI, figs. 4 and 5). 
The third group of Creepers consisted of so-called Scotch Dumpies im- 
ported from Scotland^ and their progeny from inter se matings and 
crosses to Rhode Island Reds. This line we shall call Scotch” Creepers 
(Plate XVI, figs. 6 and 7). Finally, we were fortunate in obtaining a 
Creeper rooster from the Marquesas Islands. This male was bred to 
Leghorn pullets, and he became the ancestor of our ‘^Marquesan” 
Creeper line (Plate XVI, figs. 8 and 9). 

1 Purcliased from M. X. Biittner, Laiischa, Tiiuringen, 

2 Purcliased from James W. Brown, Rosehill, Snmmerston, Glasgow, Scotland. 
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Our genetic evidence is based upon the data collected in inter se 
matings in the various Creeper lines, in crosses of Creepers with normal 
fowls, and in crosses of Creepers from different geograpMcal lines. In order 
to facilitate tlie understanding of the inheritance of the Creeper traits 
we shall first present the data obtained in crosses of Creepers with normals. 

Our records for the segregation of the characters of Creeper and 
normal chickens consist in descriptions of the chicks at hatching time 
which were checked when the birds were adult or post-mortem^ and in 
descriptions of all the embryos which had failed to hatch. In addition to 
opening all the unhatched eggs at the end of the incubation period, we 
also opened the eggs in which the embryos had died during earlier stages 
of development. Although Creeper and normal in general can be easily 
distinguished after the fourteenth day of incubation by the short legs of 
the Creeper, these earlier records have not been included in this report 
since they are few and incomplete, and since there is a possibility that an 
early embryo with arrested development, although genetically normal, 
might be mistaken for a Creeper. 

Crosses OF Creepek WITH NOEMAL. 

The results of various crosses of this sort are summarised in Tables 
I-V. Among the American Creepers (Table I) our first cross in 1926 was 
made to some normal pullets derived from a rumpless mating; later 
crosses were to Leghorns and to Frizzles and, in 1930, American Creeper 
pullets were mated to a Silver Spangled Hamburgh rooster. In each of 
these crosses the segregation of Creepers and normals closely approaches 
a 1 : 1 ratio, as expected if the Creeper traits are determined by a single 
dominant factor. In all such crosses of American Creepers there were 
494 Creepers and 489 normal chickens, while the expectation was 491*5 
for each class. All Creepers were heterozygous. 

TABLE I. 

Grosses of American Creepers with ncyrmal. 

Hatched Dead in shell Total 


Mating 

Normal $$ x Creeper ^ (1926) 
Leghorn $$ x Creeper (1928) 
Leghorn $$ x Creeper ^ (1929) 
Frizzle $$ X Creeper ^ and re- 
ciprocal (1929) 

Creeper $$x Silver Spangled 
Hamburgh ^ (1930) 


Creeper Normal Creeper Normal Creeper Normal 


25 

22 

6 

2 

31 

24 

52 

66 

5 

5 

57 

61 

84 

91 

29 

30 

113 

121 

106 

117 

40 

26 

146 

143 

61 

89 

86 

61 

147 

140 

328 

375 

166 

114 

494 

489 

361*5 

361-5 


140 

491-5 

491- 


Total 

Total expectation 
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TABLE 11. 

Crosses of Geman Creepers with normal. 


Hatched Dead in shell Total 

A _A A 


Mating 

f ^ r - r ■ 

Creeper Normal Creeper Normal Creeper 

Normal 

Leghorn $$ x Creeper ^ (1929) 

39 

35 

15 

6 

54 

41 

Leghorn $$ x Creeper $ (1930) 

139 

169 

80 

67 

219 

226 

Ancona $$ x Creeper ^ (1930) 

107 

123 

153 

100 

260 

223 

Total 

285 

317 

248 

173 

533 

490 

Total expectation 

301 

301 

210-5 

210-5 

511-5 

511-5 


TABLE III. 

Crosses of Scotch Creepers with normal. 

Hatched Dead in shell Total 

A A A 

Mating Creeper Normal Creeper Normal Creeper Normal 

Ehode Island Red §$ X 

Creeper c? (1928) « 24 33 7 5 31 38 

Ancona X Creeper (1930) 96 168 136 85 232 253 

Total 120 201 143 90 263 291 

Total expectation 160-5 160-5 116-5 116-5 277 277 


TABLE IV. 

Crosses of Marquesan Creepers with normal. 


Hatched Dead in shell Total 



/ 

-A 

A 

r 


. ^ 


Mating 

Creeper Normal 

Creeper 

Normal 

Creeper Normal 

Leghorn x Creeper (1927) 

17 

14 

7 

4 

24 

18 

Creeper $$ x Leghorn ^ (1929) 

22 

45 

17 

12 

39 

57 

Creeper $$x Silver Spangled 
Hamburgh ^ (1930) 

14 

23 

27 

17 

41 

40 

Ancona $$ x Creeper ^ (1930) 

124 

147 

158 

129 

282 

276 

Total 

177 

229 

209 

162 

386 

391 

Total expectation 

203 

203 

185-5 

185-5 

388-5 

388-5 


TABLET. 

All crosses of Creepers with normal. 

Hatched Dead in shell Total 

^ A : ■ A — 


Mating 

A. 

Creeper 

\ 

Normal 

r- ^ 

Creeper 

Normal 

, A. 

r 

Creeper 

> 

Normal 

American 

328 

375 

166 

114 

494 

489 

German 

285 

317 

. 248 

173 

533 

490 

Scotch 

120 

201 

143 

90 

263 

291 

Marquesan 

;■ ;i77.' 

229 

209 

162 

386 

391 

Total 

910 

1122 

766 

539 

1676 

1661 

Total expectation 

1016 

1016 

662-5 

662-5 

1668-5 

1668-5 
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Tte crosses of German Creepers (Table II) consisted in two matings 
of Leghorn pullets with a German Creeper rooster, and in one mating of 
Ancona pullets to a German Creeper cockerel. Among a total of 1023 
chicks and embryos there were 633 Creepers and 490 normals, figures hot 
seriously departing from the number of 511-5 individuals expected in each 
class. All Creepers were heterozygous, . 

Our crosses of Scotch Creepers consisted in two matings. In one of 
these, Ehode Island Eed pullets, and in the other one Ancona pullets, were 
mated to Scotch Creeper males. There are records for 554 individuals 
of which 263 were Creepers and 291 normals, expectation being 277 for 
each group. All Creepers were heterozygous. 

The Marquesan Creeper crosses comprised four difierent matings. In 
the first one Leghorn pullets were crossed to the original Marquesan 
Creeper male ; the second mating consisted of Marquesan Creeper f emales 
and a Leghorn cockerel; in the third experiment Marquesan Creeper 
females were bred to a Silver Spangled Hamburgh rooster, and the fourth 
cross was made up of Ancona pullets and 0, Marquesan Creeper male. In 
all these crosses taken together we have data for 777 individuals, of 
which 386 were Creeper and 391 normal. This segregation agrees very 
well with the expectation of 388-6 in each class. All Creepers were hetero- 
zygous. 

The crosses in all four lines involve 3337 individuals. Of these 1676 
were Creepers and 1661 normal chickens. In crosses of individuals hetero- 
zygous for one dominant factor the expectation would be 1668*5 in each 
class. The actual results agree very well with the expectation. These ex- 
periments furnish definite proof that the whole complex of traits char- 
acterising the Creeper fowl is governed by a single dominant Mendelian 
gene. All Creepers tested in crosses to normal chickens proved to be 
heterozygous. Reciprocal crosses gave the same results. 

Inter be matings of Creepers. 

According to the results of our crosses of Creepers to normal fowls 
we should expect inter se matings of Creepers to produce homozygous and 
heterozygous Creepers and normal chicks in the proportions of 1 : 2 : 1, 
or three Creepers to one normal chicken on the average. 

Among the American, German, and Scotch Creepers our experiments 
consisted partly of inter se matings of the original birds or of their 
progeny, and partly of matings of Creepers which had been obtained from 
out-crosses. We had only one se mating of Marquesan Creepers 
which consisted of birds derived from a cross of the original Creeper 
rooster to Leghorn pullets. 
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The results of these various matings are summarised in Tables VI-X. 
Matings of American Creepers inter se (Table VI) produced a total of 391 
individuals for which we have descriptions; of these 267 were Creepers, 
while 124 were normal. Our matings of German Creepers inter se {Table 
VII) yielded records for 318 individuals of which 199 were Creepers and 
119 normal. The matings of Scotch Creepers inter se (Table VIII) furnished 
data for 363 specimens with a segregation into 248 Creepers and 115 
normals. Finally, one small mating of Mar quesan Creepers inter se 
(Table IX) gave 91 records with^ 61 Creepers and 30 normal chickens. 
It is obvious that in each instance there is a rather serious departure from 
a normal Fg-segregation. On the other hand, the result of every one of 

TABLE VL 

Inter se matings of American Greeners, 


Year of mating 

1926 

1927 ... 

1930 ... ... 

Hatched 

A 

Dead in shell 

Total 

A 

r 

Creeper ^ 
7 

50 

48 

^Normal 

1 

23 

22 

Creeper 

2 

28 

132 

A 

Normal 

2 

19 

67 

Creeper 

9 

78 

180 

Normal 

3 

42 

79 

Total 

105 

46 

162 

78 

267 

124 

Total expectation* 

100-7 

50-3 

160 

80 

260-7 

130*3 

* If homozygous Creepers do not appear (lethal). 



TABLE VII. 




Inter se matings of German Creepers, 




Hatched 

A 

' Dead in shell 

A 

Total 



Year of mating 

r 

Creeper 

\ 

Normal 

( 

Creeper 

^ 

Normal 

( 

Creeper 

\ 

Normal 

1927 

6 

1 

12 

6 

18 

7 

1928 ... 

57 

40 

5 

12 

62 

52 

1929 

57 

36 

62 

24 

119 

60 

Total ... 

120 

77 

79 

42 

199 

119 

Total expectation* 

131-3 

65-7 

80-7 

40-3 

212 

106 

* If homozygous Creepers do not appear (lethal). 



TABLE VIII. 





Inter se matings of Scotch Creeper s. 




Hatched 

Dead in shell 

Total 

^ 

Year of mating 

Creeper 

Normal 

1 

Creeper 

Normal 

Creeper 

Normal 

1928 ... 

24 

18 

10 

1 

34 

19 

1929 ... 

129 

66 

85 

30 

214 

96 

Total ... ... 

153 

84 

95 

31 

248 

115 

Total expectation* 

158 

79 

84 

42 

■ 242 ■ 

121 


* If homozygous Creepers do aot appear (lethal). 
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TABLE IX. 

Inter se mating of Marquesan Creepers. 
Hatched Dead in shell 


Normal Creeper Normal Creeper~^Normal 


Year of mating Creeper Normal Creeper Normal C 

34 20 27 10 

Expectation* ... 36 18 24.7 jg-S 

* If homozygous Creepers do not appear (lethal). 


TABLE X. 

All inter se matings of Creepers. 


Hatched 


Bead in shell 


"T' ‘isT "“r 

li 2 II 

Marquesan 34 20 27 10 

Total 412 907 oao irTi 

Total expectation* 426 213 349-3 I74.7 

* H homozygous Creepers do not appear (lethal). 


tie difiermt oiosMs shows a satis&otoiy agreement with the ratio of 
two Ctee^ to one normal chioi, expected if the homozygous Creeper 
embryos do not snrriwe. This is strikingly iUnstrated by a slmary S 

mdmduala m all; among these were m Creepers and 388 normals If a 
no^ segregation had taken plaee, the exp'ectation would hat'bl 

.ibh-r ^ “ so wide as to rule out entirely this noa- 

^3n2rhr^7rhet^xf rt r ■ ““ 

Creeper, to be heterozygoL for the 




Differential hatchability 

leeessiTes, and wide thLec^rf Tr ’“’‘““Wtes and 

in fun accord with the eipeotatnlii if *' 

in the homozygous oonmcTT^ - 

noted in the ^toh.bi«Xt-™rr^^^^^ " 
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An inspection of Table V stows tkat tkere is in tke crosses of every 
one of tke four different Creeper lines by normal a deficiency of Creepers 
among tkose ckicks wkich katcked, and an approximately corresponding 
surplus of Creepers among tke individuals wkick failed to katck. Tkis 
kolds true for all tke individual crosses (Tables I-IV), except one mating 
eack among tke American and G-erman Creepers, botk of wkick involve 
very small numbers. 

A similar situation is met witk in our inter se matings (Table X). Witk 
tke exception of tke American Creepers^ we find in all tke experiments 
again a deficiency of Creepers among tke katcked ckicks and a surplus 
among tkose wkick were found dead in tke skell at katcking time. Tkese 
deficiencies of ckicks wkick katcked are also found in tke individual ex- 
periments (Tables VI-IX), witk tke exception of tke American Creepers 
and one German Creeper mating (1927) witk negligibly small numbers. 

Tke fact tkat tkis differential katckability is found to a similar extent 
in back-crosses and in inter se matings, and tkat it occurred in all strains 
of Creeper fowl, seems to indicate tkat tke residual keredity is not re- 
sponsible for it. Tke fact tkat tkis pkenomenon was observed in a similar 
manner in different years witk varying management of tke incubators 
appears to rule out external factors as essential agencies. We are led to 
tke conclusion, tken, tkat the kigker mortality of tke keterozygous 
Creeper embryos at tke end of tke incubation period is an expression of 
tke Creeper gene itself. Our observations concerning the histology of tke 
long bones of Creepers show that tkere is a wide range of variability 
leading from extreme disturbances of cartilage and bone formation to 
an almost normal condition. Our routine observations (not verified by 
measurement) suggest that it is easier to distinguish Creepers from 
normals among tke unkatcked embryos than among tke batched chicks, 
tkat is, that tke more extreme variants of tke Creeper condition have a 
smaller chance to hatch than the less extreme ones. A further indication 
for tke low viability of tke most extreme, grades of the keterozygous 
Creeper condition is seen in the occasional appearance in back-crosses, as 
well as in inter se matings, of ckicks witk very short legs and an extreme 
bending of tke tibia. Suck ckicks, probably chiefly due to an abnormal 
position of tke legs caused by tke bending of the tibia, are unable to 
stand on their legs and xisually die shortly after katcking. It should 
be empkasised, kowever, that among tke katcked ckicks the majority 
of Creepers in all respects appear to be as vigorous as the normal 
ckicks.^v^'':,' 
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raPEEENT Creeper 

CreepTl'^Morfn ott'^ ttf w 1 

«c..d.f„U764MSuaK - W 

wtal is in go„d agreement with tl e'pIS&rfmdf “J 

M^:z:cr:rr 

fr ,“ “»™«' Mgtegation. This p»m“ef IddiW^ 

lethal nature of the Creeper sene n . evidence for the 

mutation is responsible for the Creeper trlits Tallf^^^r 

Marto'hVSinVh^^^^^^^ iatchability 

different lines. In several matings invol W ^,5 T" 

ever, this does not hold true Since Clumbers, how- 

crosses than either the mfer se crosses in thl7T'^Tr ^der 

crosses, it is suggested that hvbWri • ■ lilies or the bach- 

katohability .i Se a^^^tTT “ '=«*•“ 

^ isxucics in these experiments. 
table XI. 

Crosses of Greep&rs from different lims. 

Mating 

^erican$$xaeman^ ' 'lir ^^mal 

Gennp$$„ American 5 40 in 

Amencan$$x Scotch/ 

Scotch $$x German 
German $$x Scotch S 
^encan$$xMarquesan<? 

^teh$9xMaraueian gf 

Xot5 — ~ 

Total expectation* 

391.3 393-3 i96.7 




TABLE XII. 

Grosses of American Creepers with normals. 
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Inter se mating of Marguesan Creepers. 
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enabryonic development in inter se matings sbowed that most of tlie ex- 
cessive mortality takes place at tlie beginning of tbe fonrtb day of in- 
cubation. Tbe embryos wMcb die at this time show a striking arrest in 
growth and differentiation (Plate XVI, figs. 10 and 11). All experiments 
and observations indicate that these embryos are the homozygous 
Creepers. 

Another very important difference between the two types of matings 
is the occurrence of a peculiar embryonic malformation in the inter se 
matings which never appeared in out-crosses. Embryos of this type 
(Plate XVI, fig. 12) strikingly resemble phokomelia of humans and other 
mammals. Apparently this type of malformation has not yet been ob- 
served in chicken embryos or in birds in general. Most of these embryos 
die during the last third of the incubation period, but a few have been 
found alive upon opening the unhatched eggs on the twenty-second day 
of incubation. None has hatched. The fact alone that such phokomelic 
embryos regularly, although in small numbers, appeared in inter se 
matings of all four lines of Creeper fowls while they never occurred in any 
of the out-crosses, would suggest that they represent homozygous Creeper 
embryos which survived the early lethal period. Additional proof for this 
conclusion is provided by the crosses between Creepers of different lines 
(Table XX). In these matings the percentage (k phokomelic embryos is 
higher and the mortality during the first six days of incubation lower than 
in the intra-line crosses of Creepers with each other . The average frequency 
of phokomelic embryos in the ^^pure’^ fines amounted to 1*59 per cent., 
while in the crosses between lines 2 per cent, were found (Table XXI). 
This increase in the frequency of phokomelic embryos, however, does not 
appear to be determined by the combination of two Creeper genes of 
different origin but seems to be caused by the hybrid vigour afforded by 
the union of the different residual heredity of two unrelated strains. This 
is shown by the fact inter se matings of birds belonging to one and 
the same fine also produced a higher percentage of phokomelic embryos 
if the parents represented the progeny of an out-cross to an unrelated 
breed (Leghorn or Rhode Island Red), as compared with the frequency 
of the malformation in matings of the original birds. Thus, the difference 
in the frequency of phokomelic embryos becomes much more striking if 
we add the data ioi inter se matings of jF^-Creepers from Creeper-Leghorn 
and Creeper- Rhode Island Red crosses to those for the crosses between 
different lines, that is if instead of comparing the results of inter se matings 
involving the Creeper gene of only one geographical line with those in 
which the Creeper genes of two different fines had been combined, we 

Joum. of Gen. xxm 27 
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compare the data for matings among the different original stocks with 
those for matings of either individuals of cross-bred origin (one Leghorn 
or Rhode Island Red parent) or of two different lines. In this case, we find 
in the matings of the original stocks (American, German, and Scotch) 
the following distribution: 

Pliokomelic embiyos 
/ —A : 

Percentage 

Mortality in 1~6 day period of expected 

f— — A,- liomozygons 

Fertile eggs Actual Percentage Actual Percentage embryos 

1196 344 28-76 11 0-92 3-2 

Among tlie matings between Creepers of cross-bred origin, on tlie otter 
hand, tte situation is as follows: 

Pliokomelic embryos 

' A 

^ ^ ^ .. 

Percentage 

Mortality in 1-6 day period of expected 

— A ^ homozygous 

Fertile eggs Actual Percentage Actual Percentage embryos 

1962 466 23-75 47 2-4 10-9 

A comparison of these data shows that in the matings between Creepers 
of cross-bred origin the early mortality is lower and the frequency of 
phokomelic embryos is higher than in inter se matings in the original 
stocks (American X American, German x German, Scotch x Scotch), 
Assuming that the early mortality in out-crosses of Creepers is due to 
causes independent of the Creeper gene, and that the same agencies, dis- 
tributed at random, operate in a similar way in homozygous and hetero- 
zygous Creepers as well as in normal embryos from inter se Creeper 
matings, the number of phokomelic embryos added to the number of 
embryos which died during the iSorst six days should approximately equal 
the sum of 75 per cent, of the mortality during the first six days in back- 
crosses and of 26 per cent, of the total number of fertile eggs. For the 
inter se matings in the original stocks this expectation is 29’ 68 per cent, 
as compared with the actual figure of 30*17 per cent.; in the inter se 
matings of cross-bred Creepers or of Creepers belonging to different lines 
the expectation is 26*15 per cent, while the actual sum is 25*32 per cent. 
In both cases the agreement is very close. This is taken as evidence for 
the conclusion that the excessive early mortality and the number of 
phokomelic embryos in Creeper by Creeper matings taken together 
account for the 25 per cent- of homozygous Creepers which are expected 
but^ do not appear in the progeny of such matings. Our observations 
during the hatching season of 1930 show that under unfavourable 
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katcHrig conditions a smaller percentage of homozygous Creeper embryos 
survives the typical lethal period and develops into embryos exhibiting 
phokomelia. The frequency of such embryos in crosses between different 
lines was only 1T6 per cent, of all fertile eggs, and in the one intra-line 
mating (American X American Creeper) it amounted to 0*52 per cent. 
The mortality during the first six days of incubation was higher than in 
the years with normal incubation conditions. 

In our genetic discussion we have referred to extreme variants of the 
Creeper condition among the newly hatched chicks. Cutler had already 
called attention to this pecuhar type of chick which he described as 
follows: ^^Some of the chicks when hatched show a peculiar outbending 
of the leg at the knee and hock on one side. Such specimens move about 
in a manner similar to a chick with a broken leg. In a few instances in- 
dividual specimens show this abnormality on both sides, and they are 
absolutely unable to walk at all, as the body cannot be lifted from the 
ground.” Cutler thinks that the extreme abnormality appears in inter se 
matings only: '^'The foregoing^suggests that the ^normal' Creepers are 
all heterozygous, and that the extreme abnormality represents the homo- 
zygous form. Since it has not been possible to raise any of these chicks, 
this hypothesis has not been tested genetically.” We observed fairly 
frequently chicks with unilateral or bilateral leg deformities of the type 
mentioned by Cutler. We have found equally extreme cases of such chicks, 
however, in back-crosses and in inter se matings of Creepers. This renders 
the assumption impossible that such chicks are homozygous Creepers. 
These chicks always exhibit an extreme bending of^the tibia, and this 
bending appears to be chiefly responsible for the dislocation of the leg 
and the inability of the chicks to stand. These chicks, then, must be con- 
sidered the extreme variants of the heterozygous Creeper condition, and 
their existence may be taken as a demonstration of the fundamentally 
pathological nature of the Creeper variation. 

SUMMAEY. 

The Creeper breed of fowls is characterised chiefly by an extreme 
shortness of the long bones of the extremities, a more or less striking 
bending of the tibia, and the presence of a highly differentiated fibula. 

Breeding experiments with four different strains of Creeper fowl, 
obtained from America, Germany, Scotland, and the Marquesas Islands, 
led to the following conclusions: 

1. The Creeper traits are determined by a single dominant Mendelian 
gene. 
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2. In homozygous condition the Creeper gene is lethal. 

3. The lethal nature of the homozygous Creeper condition is demon- 
strated : a) by the fact that only heterozygous animals exist (breeding 
tests) ; (6) by the segregation of two Creepers to one normal in inter se 
matings of Creepers; (c) by the fact that approximately 25 per cent more 

embryos die in inter se matings than in out-crosses during the first six 
days of incubation. o ijxa 

4. The characteristic lethal period is at the beginning of the fourth 
day of lacubation. 

^ 5.^ Homozygous embryos, at the age of 72 hours, show a striking re- 
tardation in growth and differentiation. 

6. A small percentage of homozygous embryos in inter se crosses of 
e origmal stocks, and, apparently due to hybrid vigour, a considerably 

If" 

crosses of y -Creepers from matings with normal fowls, survive the 
typical lethal period. Such embryos exhibit a malformation closely re- 

semblmg, if not identical with, phokomeliefin humans and other mammals 

They usually die dming the last week of incubation, but in rare instances 
are still ahve at hatching time; they never hatch. 

r^rJi back-crosses as well as in inter se matings the pro- 

4 " to normals show a deficiency of Creepers among^the 

fn T, ^ surplus of Creepers among the chicks which failed 

has^a slkhCv beterozygous Creeper condition 

nas a slightly senu-lethal nature. 

8. Crosses between the different Creeper lines yielded essentially the 
same results with regard to segregation and embryonic mortahty as did 
intra-toe crosses. This seems to demonstrate that the Creeper cLdition 
m aU four hues is due to one and the same mutation. 
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DESCRIPTION OF PLATE XVI. 

Normal male for comparison with Creepers. 

American Creeper male. 

American Creeper female from an out-cross to Leghorns. 
German Creeper male. 

German Creeper female. 

Scotch Creeper male (Scotch Dumpie). 

Scotch Creeper female. 

Marquesan Creeper male. 

Marquesan Creeper female from an out-cross to Leghorns, 
Normal chicken embryo, 72 hours old. 

Homozygous Creeper embryo, 72 hours old. 

Homozygous Creeper embryo with phokomelia. 
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I. Intboduction, 

The material dealt with, in this paper consists of the finger prints of 
100 pairs of same-sexed twins, 50 pairs diagnosed as identicals and 50 
pairs as fraternals. The methods of diagnosis are described in an earher 
paper (Newman, 1928). The data presented in this paper constitute an 
important item in diagnosis and will serve to show how, in many cases, 
finger patterns serve as evidence of m«nozygosity. 

The foundations of our modern study of finger prints were laid by 
Galton in 1892 with the pubhcation of his classic volume on finger prints. 
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As the result of this pioneer study, increased interest has been manifested 
in finger prints, and a great deal of detailed technical work has been done, 
chiefiy by criminologists. For the most part these studies have dealt 
with the classification and cataloguing of finger prints for identification 
of criminals. Consequently very little has been done towards solving the 
biological problems involved. 

One of the most important biological studies of finger prints since that 
of Galton was published in this Journal by Kristine Bonnevie (1924) . Her 
study was based upon the finger prints of 24,518 Norwegian criminals. 
She discusses and gives examples of the main pattern-types and the 
various combinations of these. The three main pattern-types in Galton’s 
classification, which is employed by Bonnevie, are whorls, loops and 
arches. The whorls have two triradii, the loops one triradius, and the 
arches none. Evidently the whorl is the most complete expression of 
digital pattern, and is usually considered to be phylogenetically the most 
primitive; the loop is a partially reduced whorl; while the arch is the most 
reduced of all, and may be considered as a vestigial pattern, though 
phylogenetically the most advanced. 

Statistical studies of the relative frequency of the three main pattern- 
types were made by Bonnevie, first for the total of all fingers, and secondly 
according to their distribution among the five fingers. In her material 
25*65 per cent, of all fingers show whorls, 66*95 per cent, loops, and 7*4 
per cent, arches. The distribution of the various types of pattern on the 
five fingers of the two hands revealed many striking peculiarities, and 
these run somewhat the same for all races, although significant minor 
racial diSerences exist. Inasmuch as the present paper concerns itself 
largely with these matters, we shall not review all of Bonnevie’s data 
here, but shall reserve most of them for later discussion. 

Bonnevie also finds that the phenotypical character of finger patterns 
depends upon the interaction of three independently varying genetic 
factors: (1) the tendency to twist; (2) the general shape of pattern (cir- 
cular or elliptical); and (3) the quantitative value as determined by the 
number of ridges involved in the pattern. 

Thirty-one pairs of twins, all same-sexed, were studied by Bonnevie 
with reference to the quantitative values of the finger patterns. Fifteen 
of these pairs were classed as monozygotic, though the criteria for such 
classification were rather indefiumte. These 16 pairs showed a coefficient 
of correlation of + 0*924 ± 0*037, a figure which, in the light of our 
results, suggests that a few fraternal pairs might have been included 
among the identicals. 
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Without further preliminary review of Bonnevie’s monograph, we 
may now proceed with the presentation of our own data. 

IL The distribution op pinger print pattern-types 
* IN OUR TWINS. 

In our 100 pairs of twins taken as a whole the three main pattern- 
types occurred in the following percentages : whorls 34 per cent., loops 
61-25 per cent., arches 4*75 per cent. Our Chicago material is seen 
to show a considerably higher percentage of loops and a considerably 
lower percentage of arches than that of Norwegian criminals as studied 
by Bonnevie. 

In another part of her paper Bonnevie gives a table showing the 
statistical occurrence of pattern-types (whorls, loops and arches) in nine 
different races. In this table it is noteworthy that the Norwegian criminal 
data rim the lowest of all in percentage of whorls, the highest in percent- 
age of arches and second to highest in percentage of loops. It is not sur- 
prising then that our group of twins, taken from the environs of Chicago 
and derived from many races, should differ in percentages of pattern- 
types from the pure Norwegian group, and we might expect them to ap- 
proximate very closely the average for the nine races Hsted in Bonnevie’s 
table (p. 19). This expectation is actually realised. Our figures also 
agree closely with those of Cummins and Midlo (1927) for 100 European- 
Americans, which show 32-1 per cent, whorls, 62*7 per cent, loops, and 
5-2 per cent, arches. 

In Tables I and II (p. 418), showing the distribution of pattern-types 
upon the various digits of 100 identical twins and 100 fraternal twins, 
three types of whorls and two types of loops are listed separately, and the 
explanation of this will be given in the next section of the present paper. 
It will be noted further that the identical twins average much higher in 
whorls, much lower in arches, and shghtly lower in loops than the fraternal 
twins. These differences may or m^y not be significant. The number of 
individuals, only 200 altogether, is probably not large enough to lend much 
statistical importance to differences of this sort. Two or three less pairs 
of identical twins with whorls on all fingers would very materially have 
lowered the percentage of whorls in the whole group, while two or 
three more pairs showing a preponderance of arches would have 
brought up the percentage of arches "'to that of the fraternal twins. 
Hence it seems fair to consider these differences between identical and 
fraternal twins as without statistical significance, and to lump together 
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tie data from tie two tables in deaing witi tie problem of reversed 
asymmetry in patterns, a problem taken up in tie subsequent section. 

One otier item in tie distribution of pattern-types deserves some 
attention, namely, tie unequal distribution of wiorls, loops and arcies in 
tie two iands, rigits a-nd lefts. In Bonnevie’s data tiere was a distinct 
preponderance of wiorls on tie rigit iands (57*27 per cent, on rigits, 
and 42*73 per cent, on lefts); a distinct preponderance of boti loops and 
arcies on left iands (62*43 per cent.'of loops on lefts, and 47*67 per cent, 
on rigits ; 53*26 per cent, of arcies on lefts, and 46*74 per cent, on rigits). 
In suci large numbers of individuals tiese differences are undoubtedly 
significant, and tiis significance is enhanced by tie fact that in our own 
collection of twins this same relative distribution of pattern-types holds 
for each group, identicals and fraternals. In tie 100 identical twins 
53*21 per cent, of wiorls occur on rigit and 46*79 per cent, on left iands ; 
51*59 per cent, of loops on left and 48*41 per cent, on rigit iands; 55*17 
per cent, of arcies on left and 44*83 per cent, on rigit hands. In the 100 
fraternal twins 53*93 per cent, hi wiorls occur on rigit and 46*07 per cent, 
on left iands ; 51*43 per cent, of loops on left and 48*67 per cent, on rigit 
hands ; 54*54 per cent, of arcies on left and 46*46 per cent, on rigit hands. 

Tie difference in distribution of pattern-types in tie two hands is 
not very great, but it is strikingly consistent and doubtless furnishes us 
with another example of tie workings of tie asymmetry mechanism. In 
general tie right side of tie body of vertebrates, as well as other groups, 
is tie inferior side and it may be significant that tiere is a consistent pre- 
ponderance of tie most primitive patterns (wiorls) on tie inferior side 
and an equal preponderance of tie most advanced patterns, especially 
arches, on tie superior side. Here again we see another factor other than 
heredity or environment, an intrinsic epigenetic factor causing differences 
in tie expression of genetically determined characters. This factor, tie 
asymmetry mechanism, must be held responsible for part of tie relatively 
sight differences in digital patterns between tie individuals of pairs of 
monozygotic twins. 

* Tie conclusions reached here are further strengthened by tie fact 
that in identical twins tie total of quantitative values of ridges in patterns 
is definitely greater in tie rigit hands than in tie left hands. Tie same is 
equally true for tie fraternal twins. Eeduction in numbers of ridges in 
patterns means a more advanced condition piylogenetically and, once 
more, it is tie left side that shows t&e more advanced condition. Tie 
figures that lead to tiis conclusion are given later in tie section deaing 
witi quantitative values of finger patterns (see Tables V and VI). 
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This asymmetry situation is in striking contrast to that found in palm 
patterns/ in wHck tke left hand shows the more primitive, or fully ex- 
pressed condition, and the right hand the more advanced, or poorly 
expressed condition. A discussion of this situation appears in a very 
recent paper by the present writer (Newman, 1930). 

(а) The distribution of radial loofs on the various fingers. 

Loops constitute the commonest pattern in human fingers and the 

great majority of these loops, in our twin material 92*08 per cent., open 
upon the ulnar, or little finger, side of the digit. These are called ^^ulnar 
loops ’ ' and are designated U in Tables III and IV. There is thus a pro- 
nounced ulnar asymmetry of the whole hand, most of the patterns turn- 
ing towards the ulnar side of the hand. The remaining loops, in our 
material 7*92 per cent, of all loops, involving 97 finger patterns all told, 
are reversed loops opening on the radial side of the digit. These are called 
/'radial loops” and are designated R in Tables III and IV. 

Radial loops, a relatively rare finger pattern, found in less than 5 per 
cent, of all fingers, have a most extraordinary distribution, being almost 
entirely confined to digit II, the index finger, 80 out of 97 (82*47 per cent.) 
of such patterns being on that digit. 

Bonnevie also noted and discussed the fact that, in Norwegian crim- 
inals, loops as a rule open on the ulnar side of the finger. In her collection 
5*91 per cent, of all loops open on the radial side, showing a reversal of 
the usual asymmetry. Of the radial loops 82*67 per cent, occurred on the 
index finger. A reason for this is suggested by Bonnevie and discussed 
later. 

(б) The incidence of radial whorls on the various fingers. 

We also noticed an interesting phenomenon, largely overlooked by 
Bonnevie, namely, that whorls also show ulnar and radial asymmetry. 
Very frequently the whorls are twisted as a whole in a clockwise or 
counter-clockwise direction; or else the ridges, instead of being arranged 
in concentric circles, form a more or less complete spiral that, beginning 
on the outside and moving centralwards, turns in a clockwise or counter « 
clockwise direction. In prints of finger patterns of the right hand the 
direction of twist or spiral, as shown in prints, is typically clockwise ; in 
those of the left hand, counter-clockwise. Thus counter-clockwise whorls 
on right hands and clockwise whorls on. left hands are called "radial 
whorls,” and constitute instances of reversed asymmetry belonging to the 
same category as "radial loops.” Hence either counter-clockwise whorls 
in right-hand finger prints or clockwise whorls in left-hand finger prints 
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will be represented by tbe sjonbol Wr\ while clockwise wborls in right- 
hand finger prints and counter-clockwise whorls in left-hand finger prints 
will be denoted by Wu, since they twist in an ulnar direction. 

Sometimes we find a small whorl enclosed within a larger loop, the 
loop opening in either an ulnar or a radial direction (Plate XVII, fig. 6). 
Such a pattern is called A whorl, but the asymmetry of the enclosing loop 
must also be recorded. Thus a whorl in an ulnar loop is designated Wlu ; 
one in a radial loop WIt. Classified also as whorls, since they have two 
triradii, are double loops that are more or less spirally twisted about each 
other in either a clockwise or a counter-clockwise direction (Fig. 9). Such 
patterns are designated Wdu or Wdr, according to whether the twist is in 
an ulnar or a radial direction. 

Of the total number of whorls 57-35 per cent, are ulnar, 11*32 per cent, 
are radial, and 31*32 per cent, are without definite twist or spiral, and 
are classified as symmetrical and designated F. Of the 77 radial whorls 
in the 100 pairs of twins, 66 (84*41 per cent.) occur on digit IL For some 
unknown reason radial whorlg are considerably more frequent in our 
identical twins, while radial loops are somewhat more frequent in our 
fraternal twins. 

The total incidence of radial loops and of radial whorls is remarkable 
in that 155 out of 174, or over 89*09 per cent., occur on the index finger, 
digit II, and the rest are scattered among the other four fingers: 3 in 
digit I, 9 in digit III, 6 in digit IV, and only 1 in digit V. It may also be 
significant that in only 1 out of 100 sets of twins does a radial loop or 
whorl occur on any of the other digits, except when radial loops or whorls 
occur on one or both the index fingers of at least one of the twins. Also 
there are only 3 of the 200 hands in which a radial loop or whorl occurs 
on digits I, III, IV or V without also occurring on digit II of the same 
hand. When radial patterns occur on more than one digit, the usual 
arrangement is that such patterns occur on digits II and III, or II and IV. 
In one instance (pair 43) radial whorls appear on digit II in all four hands 
of the twin pair, and in the right hand of twin B radial whorls occur on 
three digits, II, III and IV, making six radial whorls in one pair of 
identical twins. 

The tendency towards radial patterns seems to be strongly hereditary, 
as it occurs on both individuals of 21 out of 50 pairs of identical twins. 
Even more remarkable is the fact that radial patterns occur in all four 
index fingers in seven pairs of identicai twins. 

The distribution of radial patterns in the two hands is not significantly 
different, 85 occurring on the right hand and 89 on the left, although in 



(c) Earlier interpretations of the mysterious distribution 
of radial patterns. 

The peculiar distribution of radial loops has been noted by writers 
previous to Bonnevie, and has been variously interpreted. Wilder (1904) 
seems to have been the first to call special attention to their mysterious 
incidence. In his monograph, ‘‘Duplicate Twins and Double Monsters,’’ 
he noted “the mysterious reversal of index patterns in one band or the 
other” of duplicate twins, and was inclined to consider it a consequence 
of twinning, a sort of vestige of asymmetry reversal belonging to the 
same category as situs inversus viscerum. “But why the transposition 
should afiect one finger alone, or why that finger should always be the 
index, these are at present questions beyond solution,” In his 1916 paper, 
“ Palm and Sole Studies,” he stated that in true duplicate twins one finds 
as a condition “not absolutely constant, but frequently noted, a reversal 
of the pattern of the index fingers in the two individuals, affecting either 
the two right hands or the two left hands, or occasionally both sets.” 

In The Biology of Twins (1917) the present writer followed Wilder in 
interpreting radial patterns of index fingers as evidence of mirror- 
imaging, or asymmetry reversal, resulting from monozygotic twinning, 
an interpretation that must be entirely abandoned in view of the fol- 
lowing facts: 

One need only to refer to Table II, in which the distribution of 
pattern-types of 50 pairs of fraternal twins is shown, to realise that 
radial patterns have nothing whatever to do with monozygotic twinning. In 
fact, radial patterns occur nearly as frequently in dizygotic as they do in 
monozygotic twins. Thus in 50 pairs of monozygotic twins 92 radial 
patterns occur, and in 60 pairs of dizygotic twins 82 such patterns are 
found, 

Bonnevie also found that, in her experience, radial patterns did not 
occur any more frequently in twins than in other persons. It seems clear 
then that the occurrence of radial patterns and their concentration on 
index fingers cannot be explained as a result of monozygotic twinning. 

realised this and cast about for a more satisfactory explana- 
Whipple, and others, she is incHned to look upon 
ion of papillary ridges *2 ls playing an adaptive role as friction 
beUeved to be placed “ at right angles to the direc- 
tion of pressure against the ob|ect be touched.” “Looking at the 


422 The Finger Prints of Twins 


Bonnevie’s material attention is called to the fact that radial loops are 
commoner on the right hands. 
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human hand/’ she says, we should expect to find a functional adapta- 
tion above all upon digit II, this finger being of a use more varied and 
extensive than any other finger.. . .Remembering the position of the 
second finger when working alone in opposition to the first one (the 
thumb), it seems evident that the radial side of digit II and its papillary 
pattern should be of great importance whether the function of those lines 
be of a mechanical or sensory nature. Among the different pattern-types, 
therefore, the ulnar loop will be the one least useful, its ridges running 
away from the radial side of the finger.. . .But no other pattern would, 
for the special use of the second finger, serve better than radial loops, the 
ridges on the radial side of the finger here being combined into pairs as 
arms of one and the same loop.” 

Apart from the fact that this type of explanation carries an unfor- 
tunate and unsupported Lamarckian implication, namely, that the direc- 
tion of papillary ridges has been determined by the direction of pressures 
against objects and that such induced somatic modifications have become 
hereditary, there are other, moie cogent, reasons for objecting to it. 

While the argument that radial loops offer a better friction surface 
between index finger and thumb might seem to have some reasonable 
basis, what functional explanation can be offered for the equal prevalance 
of radial whorls on this finger? Surely no advantage could be gained by 
having a pattern twisted or spirally coiled counter-clockwise rather than 
clockwise, unless the position of the whole pattern were moved towards 
the radial side of the finger: and this is not usually the case. 

Another crucial argument against Bonnevie’s explanation of radial 
patterns inheres in the fact that, while radial loops are almost confined 
to digit II and are highly characteristic of that digit, ulnar loops, spoken 
of as the ^‘^least useful ” pattern for that particular finger, are always more 
numerous than the supposedly highly advantageous radial loops. Thus 
there occur on the index fingers of our 100 pairs of twins 117 ulnar 
loops as compared with only 90 radial loops. If the advantage of radial 
loops be real and the effects of use inherited, why do we find more 
ulnar than radial loops? The direction of radial loops therefore could 
hardly be explained as the result of the inheritance of the effects of use 
unless a similar explanation be offered for that of the more numerous 
ulnar loops on the same digit. 

{d) A new in^ 

As the result of the study of a series of human hands with super- 
numerary fingers, and especially of double or nearly double hands, the 
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writer (Newman, 1923) in Ms book The Physiology of Twinning came to 
the conclusion that the hand is a modified symmetrical structure in which 
the major plane of symmetry falls between the thumb and the index 
finger. The hand is looked upon as a structure that has undergone 
asymmetrical doubling, or twinning, the first step in twinning giving rise 
to the thumb, on the radial side, and the priniordium of the remaining 
digits on the ulnar side. More powerful than the mirror-image symmetry 
between the thumb and the rest of the hand is the deep-seated ulnar 
asymmetry of the whole appendage that has been shown by Harrison and 
others, for Amphibia, to be established prior to the visible formation of 
limb buds. This overpowering ulnar asymmetry nearly always determines 
the asymmetry of the thumb patterns. In our twin material there were 
no radial loops in 400 thumbs and only 3 radial whorls, indicating that 
the thumb is dominated by the ulnar asymmetry of the whole hand. 
Nearly all of the radial loops and whorls are found on the index finger, 
which in its origin is the twin of the thumb. Occasionally digits III and 
IV, along with digit II, of the same han^^j assume a radial asymmetry, 
suggesting that at one time the primordium of the four fingers (II, III, 
IV, V) stood over against the thumb as its twin partner. 

More commonly than not, however, the overpowering ulnar asym- 
metry of the whole appendage wipes out the reversed (radial) asymmetry 
of the fingers, acquired as the result of the first step in twinning, and 
imposes upon it the ulnar asymmetry of the whole hand. Evidently 
there is a conflict between the tendency to retain the mirror-image sym- 
metry, resulting from the first dichotomous division of the distal portion 
of the Hmb bud, and the powerful ulnar asymmetry of the whole appen- 
dage. Sometimes, the original asymmetry prevails over most of the hand, 
as when two or even three fingers show reversed (radial) asymmetry of 
pattern; frequently, however, the reversed, or radial, asymmetry is re- 
tained only on the index finger wMch lies closest to the thumb ; but even 
more commonly still, the original mirror-image asymmetry is completely 
obliterated by the ulnar asymmetry of the whole hand. 

(e) An interpretation of arches and symmetrical whorls. 

Arches do not seem at first to fit into such a scheme as that just dis- 
cussed. Bonnevie, however, found arches most numerous on digit II, 
44*5 per cent, of aU arches occurring on tMs digit. Arches are also common 
on digit III, 29-81 per cent, of all arches appearing on that digit. In my 
somewhat hnoited collection of finger patterns the incidence of arches on 
digits II and III shghtly favours the latter, and I find that there are only 
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a few less arches on digit I than on digit II. Doubtless Bonnevie’s figures, 
since they deal with much larger numbers of cases, axe more representa- 
tive of the average situation than mine, and therefore may be accepted 
as a basis of discussion. The arch may be looked upon as either a rudi- 
mentary pattern (a pattern reduced to its lowest terms) or as a pattern 
produced by partial asymmetry reversal. Many arches occur in which a 
high, medium, or low perpendicular ridge proceeds up the centre of the 
pattern, resembling the centre pole of a tent. The other ridges arch over 
this central upright ridge as a tent roof arches over its centre pole. Such 
arches are appropriately called ''tented arches.” In my experience the 
arches occurring on digit II are mostly of this tented form, except in the 
cases of those hands in which flat arches prevail on most of the digits. 
As a rule, an arch occurring on a hand in which high loops or whorls pre- 
vail will be a tented arch. The prevalence of high-tented arches on digit 
II seems to me to signify partial reversal of asymmetry. Such a pattern 
may be looked upon as the resultant of a drawn battle between opposed 
forces; that of mirror-imaging* between twin components (thumb and 
index finger) and that of the ulnar asymmetry of the whole appendage. 
Thus a tented arch may be a compromise between a radial and an ulnar 
loop. It seems probable also that symmetrical whorls may be a com- 
promise between radial and ulnar asymmetrical whorls. A good many of 
the whorls designated W in my tables are slightly asymmetrical, but not 
very distinctly so. 

The hypothesis here offered in explanation of radial patterns and their 
concentration on the index finger seems to the writer to approach more 
nearly a rationalisation of the situation than those previously presented. 
It agrees with, and helps to explain, the normal process of limb develop- 
ment, as well as the production of double or reduplicated limbs. Ordin- 
arily, when the hand grows in its normal organic environment, its twin- 
ning tendency is more or lefs checked and overruled by the dominance 
of the body as a whole, and incipient twinning is modified by the over- 
powering asymmetry of position of the appendage with reference to the 
bodily axes. When, however, a limb bud is transplanted to a foreign posi- 
tion, it grows more or less independently, for a time at least, and fre- 
quently goes ahead with its twinning to the extent of producing twin 
limbs, each with normal digits arranged in mirror-image relation to one 
another. Thus a twinned, or reduplicated, limb may be thought of as a 
result of the physiological isolation of a limb rudiment from its organic 
environment, resulting in a freedom of the rudiment to complete its 
natural tendency to undergo twinning. In the normally developing limb 
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rudiment however, the twinning process is almost completely over- 
ruled, and a hand develops as a single organ with a pronounced ulnar 
asymmetry, the result of its relation to the side of the body on which it 
grows. Only m the frequent radial patterns on the index finger do we 
find evidence that ori^nally the thumb and t^e four fingers once held 
the relation to each other of twin components. 


III. Comparison op finger print patterns of identical 

AKD FRATEBKAL TWINS. 

Two different modes of comparison may be made between the two 
sets of twins (Identical and fraternal). They may be compared with respect 

ruattfi!r 7" f of their patterns, and with respect to the 
Lniir ^ patterns as based on a count of the number of 

pap Uary ridges involved in the pattern. For purposes of studying the 

differences in the two sets of twin! I hat 
prepared the rather extensive Tables III and IV in which the type of 
pattern is indicated for every finger of tfie 200 individuals. ^ 


Key to Tables III and TV. 

m.erpr.t.ti 0 B of tho 


A and B (1st column) 
M. and F. (2nd column) 
Bf., L.', A. (3rd column) 


+ and ~ (4:th column) 
( + - ) (4tii column) 


U and V 
W 

Wu and Wr 


Wlu and Wlr 
Wdu and Wdr 


Ua and Ma 
A 


-the two individuals of a twin pair. 

— male and female respectively. 

I- partially), ambi- 
whorl, respeotivelv 

olooktSe. ’ clockwise, ot^^sr half counter- 

= single radial and ulnar loops. 

-symmetrical whorls (Plate xViL fig. 1). 

-whorls mth^ulnar or radial twist or spiral (Plate XVII, figs. 

(Plate XVII, fig. ^ ™ direction 

=a]S?^ vestigial, or almost arches. 


Of ritbtnof in the order Of their degrees 

the lea^ !Sr W t 

(Newman, 1928). ^ explamed in an earher paper 

Wilfe^(19!MTon ttr ^ of significant conclusions. 

™ much higher degree of sym- 
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metrj between right and left hands of such twins than is the case in 
ordinary individuals. Bonne vie studied the degree of symmetry in finger 
prints in connection with 15 pairs of twins adjudged by her to be mono- 
zygotic/ and came to the conclusion that the symmetry of pattern values 
between right and left hands of (identical) twins is not essentially diSerent 
from that of single individuals.” 

Assuming that our 60 pairs of fraternal twins (Table IV) represent 
100 single individuals, let us compare the degree of correspondence of 
their right and left hands (finger for finger) with that shown in identical 
twins (Table III). 

In both sets we may consider symmetry perfect if homologous digits 
of the two hands of an individual correspond in type of pattern, and are 
therefore represented by the same symbol. In identical twins there are 
17 cases with all five digits in both hands of an individual alike, 32 cases 
with four digits alike, 35 with three alike, 13 with two alike, and 3 alike in 
one digit only. In fraternal twins there are 15 individuals with all five digits 
alike in both hands, 34 with fbur alike, 38 with three alike, 8 with two 
alike, and 5 alike in one digit only. Thus there is no significant difference 
to be noted between identical and fraternal twins in the distribution of these 
various grades of symmetry- between the hands of the same individual. 
If we add up the total of fingers alike in right and left hands of the same 
individuals, we find that there are 347 fingers alike in the two hands in 
identical twins as compared with 326 in fraternal twins. The difference is 
certainly not great, though it favours slightly the identical twins. Thus it 
appears that our data are rather more in accord with Wilder’s statement 
than with Bonnevie’s, though the difference is perhaps not significant. 

Using the same method of comparison, we may determine whether in 
identical twins the resemblance between the hands of two individuals of 
any pair is greater or less than that between right and left sides of the 
same individual. 

(a) Gomjparison between hands of same individual and those of two 
individuals of a pair in identical twins. 

If we compare the correspondences of right hands with rights, and left 
hands with lefts, we find that in identical twins there are 27 cases in which 
all five fingers of the two right hands or of the two left hands are alike, 
37 cases with four fingers alike, 27 with three fingers alike, 8 with two 
fingers alike, and 1 with only one finger alike in two left hands. This 
shows a same-sided (homolateral) correspondence of 351 fingers indi- 
cating a somewhat higher correspondence, in the case of identical twins, 
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TABLE III. 

Finger print fornmlae of 50 pairs of identical twins arranged 
in the order of their closeness of resemblance, 

I'inger print formulae 

A 

r" 

Digit (right hand) Digit (left hand) 

Handed- Hair f ^ 


No. 

Bex 

ness 

whorl 

I 

II 

HI 

IV 

V 

I 

II 

III 

IV 

V 

62 A 

M. 

H. 

+ 

Wu 

Wr 

U 

Wu 

Wu 

Wu 

R 

Wlu 

Wu 

Wu 

B 


K. 

JU 

Wu 

Wu 

V 

Wu 

Wu 

Wu 

Wr 

Wu 

Wu 

Wu 

98 A 

F. 

B. 

4- 

u 

U 

U 

u 

u 

u 

R 

U 

u 

U 

B 


R. 

T 

u 

U 

u 

u 

u 

u 

U 

u 

u 

U 

63 A 

M, 

R. 

+ 

w 

Wr 

Wr 

w 

W 

w 

Wr 

Wu 

w 

W 

B 


R. 


w 

Wu 

Wu 

w 

w 

W 

W 

Wu 

w 

W 

40 A 

M. 

R. 

(+“) 

Wu 

U 

Wu 

w 

Wu 

u 

Wr 

W 

w 

W 

B 


R. 

+ 

Wu 

U 

U 

w 

Wu 

u 

Wr 

u 

w 

Wlu 

3 A 

M. 

R. 

? 

U 

U 

u 

u 

U 

u 

U 

u 

u 

U 

B 


R. 

? 

u 

U 

u 

u 

U 

u 

u 

u 

u 

u 

9 A 

F. 

R. 

- 

u 

U 

u 

V 

u 

Ua 

Ua 

u 

u 

u 

B 


R. 


Ua 

Ua 

u 

u 

u 

A 

Ra 

u 

u 

u 

80 A 

F. 

R. 

+ 

U 

U 

u 

u 

u 

u 

U 

A 

u 

u 

B 


R. 

+ 

u 

U 

u 

p 

u 

u 

R 

U 

A 

u 

67 A 

M. 

R. 

+ 

Wr 

R 

u 

u 

u 

W 

R 

U 

u 

u 

B 


1. 

+ 

Wu 

Wr 

u 

u 

u 

W 

R 

U 

u 

u 

55 A 

M. 

R. 

+ 

U 

Ua 

u 

u 

u 

u 

U 

U 

u 

u 

B 


R. 

4- 

V 

Ua 

u 

u 

u 

u 

Ua 

u 

u 

u 

35 A 

M, 

R, 

- 

Wu 

Wr 

u 

w 

u 

Wu 

Wu 

u 

w 

u 

B 


R. 

+ 

Wu 

Wr 

w 

w 

u 

Wu 

Wu 

u 

u 

u 

96 A 

M. 

R. 

- 

Wu 

Ma 

u 

u 

u 

Wu 

Ua 

Ua 

u 

u 

B 


R. 

+ 

Wu 

Ra 

u 

u 

u 

w 

U 

U 

u 

u 

73 A 

F. 

1. 

,*s 

u 

Ua 

Ua 

Ua 

u 

u 

R 

A 

A 

u 

B 


A. 

... 

u 

Ua 

A 

A 

u 

u 

R 

A 

A 

u 

102 A 

F. 

R. 


w 

W 

U 

W 

w 

u 

W 

U 

W 

Wu 

B 


R. 

+ 

Wu 

W 

U 

W 

w 

u 

Wu 

U 

w 

Wu 

25 A 


R. 

, - 

w 

W 

W 

W 

u 

Wu 

W 

W 

w 

u 

B 


R. 

- 

w 

W 

W 

W 

u 

w 

W 

w 

w 

u 

30 A 

F. 

R. 


u 

A 

u 

u 

u 

u 

R 

w 

Wlu 

u 

B 


R. 


u 

R 

u 

Wlu 

u 

u 

Wr 

Wu 

Wlu 

u 

23 A 

F. 

A. 

+ 

V 

Wdu 

u 

Wu 

Wu 

u 

Wdu 

U 

Wu 

u 

B 


A. 

+ 

u 

Wdu 

Wu 

u 

Wu 

u 

Wdu 

u 

u 

u 

94 A 

F. 

R. 

4- 

Wu 

W 

u 

Wu 

u 

u 

Wu 

u 

Wu 

u 

B 


L. 

4- 

u 

Wlr 

u 

Wu 

u 

Wu 

Wu 

u 

Wu 

u 

68 A 

F. 

R. 


Wu 

Wr 

Wu 

Wu 

Wu 

Wu 

Wlr 

u 

Wu 

u 

B 


R. 

■ ' + " 

Wu 

Wu 

Wu 

Wu 

u 

Wu 

Wu 

u 

Wu 

u 

49 A 

F. 

1. 


Wu 

Wr 

Wu 

Wu 

u 

Wu 

Wlr 

u 

Wu 

u 

B 


R. 

4- 

Wu 

Wu 

U 

Wu 

u 

Wu 

Wlr 

u 

W 

u 

13 A 

F. 

R. 


u 

Ua 

V 

u 

u 

u 

R 

u 

u 

u 

B 


L 

4-' 

u 

U 

U 

u 

u 

u 

R 

R 

u 

u 

78 A 

M. 

L. 

4- 

u 

R 

U 

u 

u 

u 

R 

U 

• u 

u 

B 


R 

+ 

u 

R 

U 

u 

u 

u 

R 

u 

u 

u 

87 A 

M. 

A. 


u 


r V 

u 

u 

u 

R 

u 

Wu 

Wu 

B 


A. 

4- 

u 

U. 

u 

w 

u 

u 

U 

u 

w 

Wu 

43 A 

M. 

1. 

1. 


u 

Wr 

u 

w 

Wu 

u 

Wr 

u 

w 

u 

B 

F. 

4- 

u 

Wr 

Wr 

Wr 

w 

u 

Wr 

u 

w 

u 

38 A 

1. 

- 

u 

U 

U 

Wlu 

u 

u 

Wlr 

u 

Wlu 

u 

B 


1. 


u 

U 

U 

Wlu 

u 

u 

U 

u 

Wlu 

u 
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TABLE III continmd, 

Finger print formulae 




Handed- 

• Hair 


Digit (right hand) 



Digit (left hand) 


No. 

Sex 

ness 

whorl 


II 

III 

IV 


T” 

II 

III 

IV 


79 A 

M. 

R. 

+ 


U 

U 

U 

U 

u 

U 

U 

u 

u 

B 


L. 

+ 

u 

U 

U 

U 

U 

V 

u 

u 

u 

u 

72 A 

M. 

L. 

+ 

Wu 

Wr 

U 

W 

U 

u 

Wu 

u 

u 

u 

B 


R. 

- 

Wu 

R 

u 

W 

u 

u 

Wu 

u 

u 

u 

99 A 

M. 

R- 

+ 

Wu 

R 

u 

u 

u 

u 

U 

u 

Wlu 

u 

B 


R. 

+ 

Wu 

U 

u 

u 

u 

u 

U 

u 

u 

u 

33 A 

M. 

L. 

+ 

Wu 

Wr 

u 

u 

u 

Wu 

Wu 

u 

Wu 

u 

B 


R. 

+ 

U 

R 

u 

u 

u 

u 

Wr 

u 

u 

u 

53 A 

M. 

R. 

+ 

Wu 

Wu 

u 

Wu 

u 

Wu 

U 

u 

Wu 

u 

B 


L. 

+ 

U 

R 

u 

u 

u 

Wu 

Wr 

u 

u 

u 

44 A 

M. 

L. 

+ 

u 

Wlr 

u 

Wu 

Wu 

u 

Wlr 

u 

u 

u 

B 


R. 

+ 

u 

Wlr 

R 

Wu 

u 

u 

Wlr 

u 

u 

u 

2 A 

F. 

L. 

? 

W 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

B 


R. 

? 

w 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

91 A 

F. 

R. 

+ 

u 

Wu 

u 

U 

u 

u 

U 

u 

Wlu 

u 

B 


R. 

+ 

Wu 

U 

u 

U 

u 

u 

Wu 

u 

Wlu 

u 

100 A 

M. 

R. 

+ 

u 

u 

u 

u 

u 

u 

R 

u 

u 

u 

B 


R. 

+ 

u 

R 

u 

win 

u 

u 

U 

u 

u 

u 

101 A 

,M.. 

R. 

+ 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

w 

Wu 

Wu 

Wu 

B 


L. 

+ 

Wu 

Wr 

Wu 

w 

w 

Wu 

Wr 

Wu 

Wu 

Wu 

70 A 

M. 

R. 

+ 

Wu 

R 

u 

U 

u 

Wu 

R 

u 

u 

u 

B 


L. 

+ 

Wu 

R 

u 

U 

u 

Wu 

R 

u 

u 

u 

37 A 

M. 

R. 

+ 

u 

U 

u 

u 

u 

A 

Wlr 

u 

u 

u 

B 


1. 


u 

Wlr 

u 

Wlr 

u 

A 

Wlr 

u 

u 

u 

34 A 

M. 

R. 

+ 

A 

A 

A 

U 

u 

A 

A 

A 

u 

u 

B 


1 

+ 

A 

Ua 

Ua 

u 

u 

A 

A 

A 

u 

u 

28 A 

F. 

R. 

_ 

W 

Wlr 

U 

Wu 

u 

W 

Wlr 

U 

u 

u 

B 


R. 

+ 

W 

Wlr 

U 

Wu 

u 

w 

Wlr 

u 

Wu 

u 

7 A 

M. 

1. 

__ ' 

u 

R 

U 

W 

u 

u 

U 

u 

W 

u 

B 


1. 

+ , 

u 

R 

U 

W 

u 

u 

R 

u 

W 

u 

6 A 

F. 

R. 

+ 

Wu 

U 

V 

W 

u 

Wu 

R 

u 

u 

u 

B 


R. 

+ 

Wu 

Wu 

u 

u 

u 

Wu 

Wlr 

u 

u 

u 

97 A 

F. 

R. 

+ 

Wu 

Wu 

Wu 

Wu 

Wu 

u 

U 

Wu 

Wu 

Wu 

B 


R. 

+ 

w 

Wu 

Wu 

Wu 

Wu 

w 

Wr 

Wu 

Wu 

V 

17 A 

F. 

R. 

+ 

Wu 

Wu 

Wu 

W 

u 

Wu 

Wu 

Wu 

Wu 

u 

B 


R. 

+ 

Wu 

Wu 

Wu 

W 

u 

u 

W 

Wu 

Wu 

u 

14 A 

; f. ' 

R. 

— 

A 

Wlr 

Wu 

w 

u 

u 

Wlr 

w 

W 

u 

B 


R. 

+ 

• A 

Wlr 

Wu 

Wu 

u 

u 

Wlr 

Wu 

Wu 

u 

15 A 

: 'm.;: ,, 

R. 

+ 

W 

W 

W 

Wu 

w 

Wu 

Wu 

Wu 

W 

w 

B 


R. 


Wu 

Wu 

Wu 

W 

w 

Wu 

W 

W 

W 

w 

69 A 

: M. 

R. 

+ 

Wu 

Wlr 

U 

Wu 

u 

V 

u 

u 

U 

u 

B 


R. 

+ 

Wu 

U 

U 

w 

u 

Wu 

u 

■u 

u 

u 

24 A 

. :m. ' 

R. 

+ 

U 

Wu 

u 

w 

Wu 

u 

Wr 

u 

Wu 

Wu 

B 


1. 

+ 

u 

Wu 

u 

w 

Wu 

u 

Wu 

u 

Wu 

Wu 

18 A 

:,M. 

R. 

+ 

u 

R 

u 

u 

u 

u 

Wu 

u 

U 

u 

B 

R. 


u 

W 

u 

Wlu 

u 

u 

V 

u 

U 

u 

27 A 

: M.' 

R. 


u 

U 

u * 

* Wu 

u 

u 

V 

u 

U 

Wu 

B 

1. 


u 

u 

u 

Wu 

Wu 

u 

u 

u 

Wu 

Wu 

41 A 

F. 

■■ .L, 

■ ? ■ 

u 

W 

u 

u 

u 

u 

R 

u 

■' . u 

u 

B 


R. 


u 

u 

u 

u : 

u 

u 


u 

u 

u 

60 A 

■B."' : 

R. 



/'A 

A 

A 

u 

u 

Ra 

: A-: 

u 


B 


L ■ 



R 

A 

U 

u 

u 

U 

u 

u 

u 
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TABLE IV. 

Finger pint formulae of 60 pairs of fraterml twins, 

Finger print formulae 

A . 

r ■ ^ ^ 

Digit (right hand) Digit (left hand) 

Handed- Hair ^ — ^ ^ ^ 


No. 

Sex 

ness 

whorl 

I 

11 

III 

61 A 

F.' ■ 

R. 

+ 

u 

u 

U 

B 


R. 

+ 

w 

B 

U 

65 A 

F. 

R. 

+ 

Wu 

Wu 

w 

B 


R. 

+ 

Tf 

Wr 

w 

74 A 

F. ' ' 

R. 

+ 

Wu 

Ba 

u 

B 


R. 

+ 

u 

A 

A 

61 A 

F. , 

R. 


w 

W 

W 

B 


R. 

- 

Wu 

Wu 

W 

39 A 

M. 

R, 

+ 

w 

U 

U 

B 


R. 

+ 

w 

B 

U 

22 A 

M. 

R. 

+ 

Wu 

W 

U 

B 


R. 

+ 

Wu 

B 

Wlu 

26 A 

M. 

R. 

+ 

u 

Wr 

Wu 

B 


R. 

+ 

u 

Ba 

U 

71 A 

M. 

R. 

+ 

u 

U 

U 

B 


R. 

+ 

u 

B 

U 

86 A 

M. 

R. 

+ 

w 

A 

A 

B 


R. 

+ 

A 

A 

A 

95 A 

M. 

R. 


u 

A 

A 

B 


R. 

+ 

u 

U 

U 

16 A 

M. 

R. 

+ 

Wu 

Wlu 

U 

B 


R. 

+ 

Wu 

Ua 

U 

75 A 

F. 

R. 

+ 

U 

W 

u 

B 


R. 

(+~) 

U 

W 

u 

31 A 

M. 

R. 

+ 

u 

Ba 

u 

B 


L. 

+ 

Wu 

V 

Wu 

89 A 

F. 

R. 

+ 

U 

B 

u 

B 


R. 

- 

U 

U 

u 

45 A 

F. 

R. 


u 

Ua 

A 

B 


A. 

+ 

XJa 

A 

A 

84 A 

M. 

R. 

+ 

A 

A 

U 

B 


R. 

+ 

U 

B 

U 

66 A 

M. 

R. 


Wu 

A 

U 

B 


R. 

+ 

U 

Ua 

U 

5 A 

F. 

R. 

+ 

W 

W 

W 

B 


R. 

+ 

u 

Wr 

Wr 

10 A 

M. 

R. 

+ 

V 

B 

U 

B 


R. 

4 " 

Wu 

Wu 

Wu 

50 A 

F. 

R. 

+ 

u 

Wlr 

V 

B 


R, 

+ 

u 

Wu 

u 

52 A 

M. 

R. 

+ 

Wu 

Wr 

u 

B 


R. 

+ 

Wu 

Wu 

u 

12 A 

M. 

L 

+, 

Wu 

Wu 

Wu 

B 


R. 

+ 

Wu 

Wr 

Wu 

8 A 

F. 

R. 

+ 

Wu 

U ^ 

u 

B 


R. 

+ 

U 

Wu 

u 

85 A 

F. 

R. 

+ 

U 

A 

u 

B 


1. 

+ 

Wu 

U 

u 

90 A 

F. 

R. 

+ 

■O ■ 

u 

u 

B 


R. 


u 

B 

u 


IV 

Y 

I 

11 , 

III 

IV 

V 

u 

u 

u 

B 

A 

w 

Wlu 

V 

u 

Wu 

u 

Ba 

u 

U 

w 

u 

Wu 

B 

W 

W 

W 

w 

u 

w 

Wr 

u 

w 

u 

u 

u 

Wu 

Ba 

Ba 

u 

u 

u 

u 

u 

B 

U 

:.u 

u 

w 

W 

w 

Wr 

w 

w 

u 

w 

w 

Wu 

Wr 

w 

w 

Wu 

u 

u 

Wu 

u 

U 

u 

u 

B 

u 

u 

Ba 

U 

u 

u 

Wlu 

u 

Wu 

Wlu 

w 

Wlu 

u 

Wlu 

u 

w 

Wlu 

U 

Wlu 

V 

Wu 

u 

u 

A 

Wu 

Wu 

u 

Wlu 

u 

u 

u 

u 

u 

u 

Wr 

u 

u 

u 

u 

u 

u 

u 

u 

u 

B 

B 

u 

u 

u 

u 

u 

Ba 

A 

u 

u 

u 

u 

A 

A 

A 

u 

u 

A 

u 

A 

A 

A 

A 

u 

Wu 

u 

u 

Wu 

U 

Wu 

u 

W 

Wu 

u 

U 

U 

Wlu 

Wlu 

Wlu 

u 

Wu 

u 

Ua 

u 

u 

w 

u 

W 

w 

U 

W 

w 

u 

u 

u 

Wu 

U 

U 

u 

u 

u 

u 

B 

u 

U 

u 

w 

Wu 

Wu 

U 

w 

w 

Wu 

Wu 

u 

u 

u 

U 

Wu 

u 

u 

u 

u 

Ba 

Ua 

U 

u 

u 

u 

u 

A 

A 

u 

Ua 

Ua 

u 

A 

Ua 

A 

u 

Ua 

Wlu 

u 

A 

A 

U 

u 

U 

U 

u 

U 

B 

u 

u 

U 

u 

u 

Wu 

B 

A 

u 

u 

u 

u 

u 

B 

U 

u 

u 

w 

u 

w 

W 

W 

Wu 

u 

u 

u 

u 

w 

u 

u 

u 

w 

u 

u 

B 

U 

Wu 

u 

Wu 

Wu 

w 

Wu 

Wu 

Wu 

u 

u 

Wlu 

u 

U 

U 

U 

w 

Wlu 

u 

u 

B 

U 

u 

u 

W 

Wu 

Wu 

U 

u 

Wu 

Wu 

Wu 

Wu 

Wu 

Wu 

u 

Wu 

Wu 

Wu 

u 

W 

U 

Wu 

Wu 

u 

Wu 

Wu 

w 

Wr 

Wu 

Wu . 

Wu 

w 

Wlu 

Wu 

U 

u 

Wu 

Wu 

Wlu 

u 

u 

Wlr 

u 

U 

U 

u 

u 

u 

B 

u 

u 

U 

u 

u 

u 

U 

u 

u 

u 

w 

u 

V 

U' 

u 

w 

Wlu 

w 

u 

u 

A 

u 

Wlu 

U 
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TABLE IV continued^ 

Finger print formulae 



Digit (right hand) Digit (left hand) 

Handed- Hair a ^ „.a 


No. 

Sex 

■ ness 

whorl 

I 

II 

III 

82 A 

M. 

R. 

+ 


Ua 

U 

. B 


R. 

4* 

u 

A 

A 

83 A 

F. 

R. 

+ 

u 

U 

U 

B 


L , 

+ 

Ua 

A 

U 

88 A 

F. 

R. 

+ 

Wu 

U 

u 

B 


1. 

+ 

Wu 

W 

Wlu 

81 A 

M. ' 

R. 


u 

E 

U 

B 


R. 


u 

E 

u 

59 A 

F. 

R. 

- 

u 

W 

U 

B 


R. 

+ 

u 

Wu 

w 

58 A 

F. ' 

R. 

+ 

A 

A 

A 

B 


R. 


W 

W 

u 

47 A 

'M, 

R. 

+ 

u 

U 

u 

B 


R. 


u 

u 

u 

77 A 

M. , 

R. 

+ 

Wn 

Wu 

w 

B 


R. 


U 

E 

u 

29 A 

F, 

R. 

+ 

u 


u 

B 


R. 

■+ 

u 

Ua 

u 
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between same (komolateral) bands of different twins than between 
opposite (beterolateral) bands of same twins, wbicb was shown to involve 
347 fingers. 

(f) Com farison between hands of same individual and those of two 
individuals of a fair in fraternal twins. 

In tbe case oi fraternal twins there are only 2 cases of correspondence 
between right and right or left and left in all five fingers, 13 cases in four 
fingers, 42 cases in three fingers, 22 cases in two fingers, 16 cases in only 
one finger, and 5 cases in which all five patterns are different in the two 
ha'nds. This makes a total of 248 corresponding patterns between homo- 
lateral hands of fraternal twins, over 100 less than for identical twins. 
This difference would be much more impressive if we were to omit from 
consideration in both sets of twins the patterns of digit V, which for over 
80 per cent, of all human hands are ulnar loops and therefore alone 
account for a correspondence in over 160 fingers. If we omit digit V, 
we find in the other four digits 288 digitsralike in homolateral hands of 
identical twins and 168 alike in homolateral hands of fraternal twins, a 
very considerable difference. 

* To summarise, in fraternal twins the correspondence in finger pat- 
terns between right and left hands of same individual is very much 
greater than between the homolateral hands of the two individuals of a 
pair; while in identical twins the resemblance between homolateral hands 
of twins is greater than that between heterolateral hands of the same 
individual. 

A much more striking inter-individual resemblance is revealed when 
we compare the same hands of those twins in which homolateral re- 
semblance is obvious, and combine with this the comparison between the 
right hand of one twin and the left hand of the other twin in those cases 
where heterolateral cross resemblance is clear, as in pairs where one twin is 
partially or completely left-handed or has a counter-clockwise hair whorl. 
The result of such a comparison gives the following figures : in 33 cases 
all five fingers are alike, in 38 cases four fingers are alike, in 20 cases 
three fingers are alike, in 9 cases two fingers are alike. There are no. cases 
in which there are fewer than two fingers ahke. The total of fingers alike 
is 396, as compared with 351 when homolateral hands of two individuals 
are rigorously compared, and with 347 when heterolateral hands of same 
individuals are compared. This difference would be considerably more 
impressive, for the reason above noted, were we to compare only the 
first four fingers. ’ 
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These statistical results tend to support the conclusion stated in a 
previous paper (Newman, 1928) “that in monozygotic twins there is 
stronger cross resemblance between the hands of one twin and those of 
the other than between the two hands of the same individual’' The 
existence of resemblances of this sort, when finger prints and palm pat- 
terns are considered together, is of the greatest value as an aid in diag- 
nosing twins as to their monozygotic origin. The rule holds in all cases 
that seem in other respects unequivocally monozygotic. Consequently, 
when in a few slightly doubtful cases, the rule is found to hold, this goes 
far towards settling the diagnosis in favour of monozygotic origin. 

(c) Resemblances in finer details of fattem. 

While the codified formulae of finger print patterns shown in Tables 
III and IV indicate in a rough way the various degrees of resemblance 
between the finger prints of twins, far more convincing evidence of re- 
semblance is afforded by a comparative study of the finer details of pat- 
tern peculiarities in homologoiis finger prints. The ideal way of presenting 
these data would be to publish half-tone enlarged reproductions of the 200G 
finger prints involved, but unless this study were of extreme importance 
such extravagance of illustration would be unwarranted. It seems well, 
however, to illustrate the character of resemblance by means of a few 
instances that may be considered as typical (see Plate XVIII, figs. 10-16). 

(d) Never complete identity between finger jprints of twins. 

In this connection the writer would like to take the opportunity of 
putting himself right with a number of police officials, as to the possi- 
bility that the finger prints of identical twins might cause difficulty for 
the finger print experts. On one occasion in a public lecture on twins we 
stated that frequently the individual finger prints were “extraordinarily 
alike.” A newspaper reporter in' a summary of the lecture quoted us as 
saying that the finger prints of twins are “often alike.” The reporter, 
no doubt with conservative intent, omitted the word “extraordinarily.” 
This omission, however, radically changed the meaning. “Alike” means 
identical or indistinguishable, while “ extraordinarily alike ” implies only 
a high degree of similarity. 

The result of this publicity was that for two weeks we were besieged 
with communications from detective bureaus all over the country re- 
questing that we offer proof of the statement that the finger prints of 
identical twins are alike.” Apparently we had appeared to challenge 
the infallibility of finger print science as a mode of personal identification. 
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Needless to say, oiir reply was soothing to the outraged feelings of the 
experts, for we had to admit that, even in identical twins, no two finger 
prints of different individuals are ever exactly alike. 

There are, howev numerous instances in which the prints of two or 
more homologous fingers are so nearly identical as to he indistinguishahle 
to the naked eye. When, for example, the patterns in both individuals are 
simple loops, having the same shape and involving the same number of 
ridges, it is possible only by using considerable magnification to discover 
differences in the branching of ridges and breaks in ridge continuity. 
Differences of this sort, however, are certain to be found, and afford an 
easy means of identification. Hence there is no likelihood that, in cases of 
criminal procedures, one member of a twin pair might be confused with 
the other because of identity of finger prints. 

While resemblances are sometimes closer in those cases where the 
finger prints consist of simple patterns, such as loops, symmetrical whorls, 
or flat arches, it is of greater interest and significance to find very high 
degrees of resemblance between the printc of homologous fingers of two 
individuals when the pattern in both is complex and unusual. There are 
in bur collection a good many cases of this sort and, because such cases 
have frequently been allowed to weigh heavily in our diagnoses of mono- 
zygosity, it seems worth while to illustrate this condition by means of 
several examples. 

Plate XVIII, figs. 10-16, represent typical instances where the prints 
of homologous fingers of two individuals, particularly at the core of the 
pattern, possess more or less unique peculiarities. In all of these cases it 
would be no exaggeration to say that the finger print of one twin is more 
like that of the other twin than like that of any other fimger in the entire 
collection of 2000 fingers. Such a finding, even with no corroborating 
evidence, would seem to justify the diagnosis of such a pair of twins as 
monozygotic. In a few instances where some slight doubt as to the mono- 
zygosity of a given pair of twins has existed prior to an examination of 
palm and finger patterns, the discovery of such extraordinary corre- 
spondences as those figured has clinched the diagnosis. In this connec- 
tion it must be said with emphasis that no cases of resemblances so close 
as those shown in the illustrations were ever found in the twins diagnosed 
as dizygotic. 

From what has just been said the reader will understand that it may 
readily be determined whether, 'for e3:ample, the pattern of the third 
finger of the right hand of twin A is more like that of the homologous 
finger of twin B than like that of his own left hand. Similarly all of the 
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fingers may be compared, and a judgment reached as to whether in 
identical twins the finger prints of homolateral hands of two individual 
twins are more or less similar as a whole than are those of the two hands 
of the same individual. Such a detailed comparison has been made for 
the 50 pairs of identicaHwins in our collection. 

A summary of the results of these comparisons is given below, the 
numbers used being those found in Tables III and IV. When the resem- 
blance is greatest between the right hand of one twin and the right hand 
of the other twin of the same pair it may be designated E. like E. ; when 
two lefts are most alike, L. like L.; when right of one is most like left of 
the other, E. hke L. 


R. like R. and L. like L.; 62, 102, 23, 13, 72. 99, 100, 14 ... 8 sets. 

R. like R.: 80, 96, 68, 87, 38, 28, 97, 17, 24 9 sets. 

L. like L. : 40, 67, 73, 49, 43, 44, 91, 37, 34, 6, 69. 41 ..12 sets. 

R. like L.: 9, 30, 94, 53, 15, 60, 33 ... 7 sets. 

All four hands equally alike: 98, 63, 3, 35, 78, 79, 2, 101, 70 ... ... 9 sets. 

Three hands equally alike and one different: 55, 25, 7 ... ... ... 3 sets. 

R. and L. of same individual more alike than either hand of other twin: 27 1 set. 

No decision possible: 18 ... ... ... ... ... ... ... 1 set. 


In 36 out of 50 pairs tliere is very positively stronger cross-resemblance 
between bands of twins A and B than there is resemblance between two 
bands of tbe same individual. In 9 out of tbe remaining 14 pairs all four 
bands were so nearly identical that difierences were too slight to permit 
of judgment as to tbe degree of resemblance between particular bands. 
Such pairs must, of course, be adjudged identical twins. Where three 
bands are equally similar there is also very strong evidence of mono- 
zygosity, but it is not possible to decide whether inter-individual re- 
semblances are greater or less than intra-individual resemblances. In 
pair 18 there was no very close resemblance of any one of the four hands 
with any other, making a decision very difficult. 

Out of 16 pairs in which R. is like L. or in which all four hands are 
practically alike (a condition interpreted as partial asymmetry reversal) 
nine pairs of twins are characterised by having one of the individuals left- 
handed and four pairs by having one of the individuals counter-clockwise 
(reversed) in hair whorl. The majority of these show also distinct rever- 
sals in palm patterns. There is thus a high degree of correlation between 
reversed asymmetry (mirror imaging) in finger patterns and that in the 
rest of the body and in the palms. Hence the fingers as well as the 
palms serve as indicators of bodily asymmetry reversal. 

In only one case, pair 27, was there stronger intra-individual resem- 
blance than inter-individual resemblance. The facts that in this pair the 
palm prints show much stronger inter-individual resemblance, that both 
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twins have counter-clockwise hair whorl, and that the quantitative values 
of the finger prints are closely similar, outweigh the divergent evidence of 
the qualitative resemblances in finger patterns in diagnosing this par- 
ticular pair as monozygotic twins. 

It may he said in concluding this phase of the^tudy that not one of the 
50 pairs of fraternal twins showed stronger or even as strong inter-individual 
resemblance as intra-individual resemblance in details and peculiarities of 
finger patterns. This furnishes a valuable criterion in diagnosing them as 
dizygotic in origin. 


IV. Comparison op quantitative values op pinoer print patterns 

IN IDENTICAL AND PRATERNAL TWINS. 

Bonnevie has devised an improved method for comparing finger 
prints quantitatively. Her method consists of counting the number of 
papillary ridges involved in each pattern. The count includes all ridges 
between the triradius bounding the pattern and the core, or centre, of 
the pattern, not counting either of the bounding ridges. Such a study is 
comparable with that of counting the number of scutes in the armour 
bands of the armadillo, and may be used to arrive at coefficients of cor- 
relation between the two hands of each twin and between the hands of 
the two members of the twin pair. The ridges do not run with complete 
regularity, some of them being interrupted or branched. Also some pat- 
terns are so broad that the prints, even when made by rolling the fingers, 
do not include quite the whole pattern. In such cases one has to estimate 
the number of ridges not printed. With regard to ridge counting Bonnevie 
says: ^Hn order to diminish the effects of such irregularities the results 
reached by counting the ridges are not directly used for expressing the 
distance between triradius and centre; but they are grouped to classes 
marked 0-10 and distinguished as follows”: 

No. of ridges 
None (arches) — 

1-2 


Triradii 


0 

1-2 

3-4 

5-6 

7-8 

9-10 

11-13 

14-16 

17-20 

>20 


Class 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 ' 


This classification is, of course, somewhat arbitrary, but will give at 
least as accurate results as would direct use of all ridges counted. Two 
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weaknesses in Bonne vie’s method have developed in the course of my 
own work. The first of these has to do with her method of handling whorls. 
In order to prevent over-valuing whorls as compared with loops, she 
gives a value to each side of the whorl and divides it by two. When the 
whorls are symmetrical this procedure is quite fair, but when there are 
many ridges between one triradius and the centre, and few between the 
other triradius and centre,. the total divided by two gives a relatively small 
pattern value that does not do justice to the pattern as a whole. It seems 
to me that the difference between a whorl and a loop is a qualitative one, 
and that a quantitative comparison would be much closer if one counted 
only the ridges on the longer side of all whorls. Were there some way of 
counting both sides of loo^ps and dividing by two, we could fairly compare 
this with the counts of both sides of whorls, but this is impossible because 
of the absence of a triradius on one side of the loops. It is logical then to 
count only one side of a whorl, the side having the more ridges, and this 
has been done in the present study. It also seems to me that Bonne- 
vie’s classification is unfair to the largest patterns, in that she gives the 
same value, 10, to all patterns with more than 20 ridges. In my collection 
there are some patterns with over 30 ridges, and these should not be 
valued the same as those with only 21 ridges. Hence I have used the 
following scale of values, in which only one triradius is used for each 
pattern: 


No. of ridges 

Value 

No. of ridges 

Value 

0 

% <1 ■ ■ 

17-18 

10 

1-2 

2 

19-20 

11 

3-4 

3 

21-22 

12 

5-6 

4 

23-24 

13 

7-8 

5 

25-26 

14 

9-10 

6 

27-28 

15 

11-12 

7 

29-30 

16 

13-14 

8 

31-32 

17 

15-16 

9 




This seems to give a fairer distribution of quantitative values throughout 
the whole series, and is less arbitrary. 

No attempt was made by Bonnevie to compare finger with finger as to 
their quantitative values, but the totals of values of the five fingers of 
each hand were taken. This compares with the method used in the arma- 
dillo (Newman, 1913), where the totals of scutes in the nine bands of 
armour were used for comparing the degrees of resemblance among the 
quadruplets. The following tables CRbles V and VI) give the values 
obtained for both identical and fraternal twins, right hand and left 
hand being given separately as well as the totab of both. The figures 
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represented in these tables fall short of complete accuracy, especially in 
one respect— in the first few cases studied the fingers were not suffi- 
ciently rolled to produce the entire pattern, as in Plate XVIII, figs, 13, 14 
and 16. In most cases, however, where a strong impression of close re- 
semblance is present in the part of the pattern recorded, they were 
given the same numerical value. The same treatment was accorded the 
dizygotic twins. 


* 





TABLE V. 

Quantitative values of fiyiger 'patterns of 50 pairs of identical twins. 

Right Left Right Left Right 

Left 


:f| 

No. 

hand 

hand 

Total 

■ No. 

hand 

hand 

Total 

No.. 

hand 

band 

Total 


62 A 

44 

45 

89 

68 A 

47 

36 

83 

70 A 

47 

50 

97 


B 

46 

44 

90 

B 

. 47 

42 

89 

B 

41 

41 

82 


98 A 

27 

32 

59 

49 A 

47 

46 

93 

37 A 

^ 27 ' ^ 

26 

53 


B 

29 

27 

56 

B 

47 

46 

93 

B 

28 

24 

52 


63A 

■ 52 

48 

100 

13 A 

34 

37'' 

71 

34 A 

12 

12 

24 

-flilii 

B 

. '52 ' 

47 

99 

B 

37 

34 

71 

B 

19 

11 

30 


40A 

60 

52 

102 

78 A 

'37 

41 

78 

28 A 

47 

49 

96 


B 

52 

50 

102 

B 

39 

39 

78 

B 

48 

49 

97 


3 A 

37 

37 

74 

87 A 

30 

36 

66 

7 A 

42 ' 

38 

80 

biillS 

B 

40 

37 

77 

B 

37 

37 

74 

B 

40 

38 

78 


9A 

35 

28 

63 

43 A 

60 

67. ■ 

117 

6A 

56 ■■ 

53 

109 


B 

29 

35 

64 

B 

60 

56 

116 

B 

55 

57 

112 


80 A 

28 

16 

44 

38 A 

60 

44 

94 

97 A 

48 

45 

93 


B 

25 

16 

41 

B 

48 

46 

94 

B 

48 

49 

97 


67 A 

48 

44 

92 

79 A 

19 

29 

48 

17 A 

46 

47 

93 


B 

47 

45 

92 

B 

: 27 

21 

48 

B 

45 

52- 

97 

lilllii 

65 A 

21 

25 

46 

72 A 

55 

56 

111 

14 A 

34 

38 

72 


B 

21 

20 

41 

B 

57 

55 

112 

B 

38 

36 

74 

"liis 

35 A 

53 

56 

109 

99 A 

30 

34 

64 

15 A 

50 

54 V 

104 


B 

58 

55 

113 

B 

36 

34 

70 

B 

51 

52 " 

103 

96 A 

41 

33 

74 

33 A 

57 

60 

117 

69 A 

41 

44 

85 


B 

37 

37 

74 

B 

58 

59 

117 

B 

37 

42 

79 


73 A 

15 

12 

27 

53 A 

44 

48 

92 

24 A 

44 

46 

90 


B 

13 

12 

25 

B 

48 

48 

96 

B 

45 

43 

88 


102 A 

53 

44 

97 

44 A 

43 

43 

86 

18 A 

57 

55 

112 


B 

65 . 

42 

97 

B 

40 

43 

83 

B 

56 

54 

110 


25 A 

57 

53 

110 

2A 

56 

48 

104 

27 A 

43 

45 

88 


B 

56 

^ 58 

114 

B 

56 

50 

106 

B 

40 

34 

74 


30 A 

31 

45 

. > '76 

91 A 

46 

39 

85 

41 A 

38 

35 

73 


B 

41 

38 

.i.;> 79 

B 

36 

39 

75 

B 

39 

42 

81 


23 A 

57 

53 

: 110 

100. A 

^3 


43 

60 A 

12 

11 

23 


m 

■1 

55 

48 

47 

51 

, 45 
49 

106 

93 

96 

B 

' 101 A 


22 

'^57 

43 

109 

109 


30 

26 

56 " 
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TABLE VI. 


Quantitative values of finger patterns of 60 pairs of fraternal twins. 



Bight 

Left 



Right 

Left 



Right 

Left 


No. : 

hand 

hand 

Total 

No. 

hand 

hand 

Total 

No...' 

hand 

hand 

' Total 

61 A 

24 . 

28 

52 

5 A 

48 

51 

99 

21 A ■ 

40 

45 

. 85 

B 

38 

25 

63 

B 

34 

36 

70 

B 

53 

. 47 

100 

65 A 

53 

54 

107 

lOA 

44 

41 

85 

' 42 A ' 

' ' 42 

39 

81 

B 

52 

60 

112 

B 

47 

52 

99 

B 

10 

6 

16 

74 A 

44 

30 

74 

50 A 

42 

40 

, 82 

19 A 

50 

52 

102^ 

B 

27 

26 

53 

B 

49 

50 

99 

B 

'57 ' 

54" 

in 

57 A 

54 

56 

110 

52 A ■ 

56 

53 

109 

93A 

54 

53 

107 

B 

49 

53 

102 

B 

48 

48 

96 

B 

30 

31 

61 

39 A 

28 

27 

55 

12 A 

47 

48 

95 

llA 

49 

49 

98 

B 

31 

. 27 

58 

B 

53 

53 

106 

B 

37 , 

33 

70 

22 A 

50 

52 

102 

8A 

49 

48 

97 

36 A 

39 

43 

82 

B 

54 

56 

no 

B 

36 

40 

76 

B 

42 

48 

90 

26 A 

52 

42 

94 

85 A 

19 

19 

38 

4A 

32 

31 

63 

B 

38 

47 

85 

B 

43 

37 

80 

B 

45 

43 

88 

71 A 

37 

44 

81 

90 A 

40 

41 

81 

56 A 

41 

36 
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52 

41 
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B 

^ 36 
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35 
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28 

25 

53 
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27 

28 

53 

92 A 

51 

51 
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B 

13 

7 

20 

B 

23 
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41 

B 

38 

32 

70 

95 A 

10 

: 2 

12 

83 A 

34 

21 

65 

76A 

28 

23 

51 

B 

41 

38 

79 

B 

12 

11 

23 

B 

29 

24 

53 

16 A 

47 

41 

88 

88A 

36 

33 

69 

32 A 

31 

34 

65 

B 

41 

38 

79 

B 

50 

50 

100 

B 

47 

51 

98 

75 A ' 

46 ' 

51 

97 

81 A 

27 

29 

56 

20 A 

48 

39 

87 

B 

42 

37 

79 

B 

34 

33 

67 

B 

44 

37 

81 

31 A 

32 

26 

58 

59 A 

48 

41 

89 

46 A 

28 

29 

57 

B 

40 

, 44 

84 

B 

54 

51 

105 

B 

56 

56 

112 

89 A 

34 

28 

62 

58 A 

7 

9 

16 

54 A 

35 

26 

61 

B 

16 

10 

26 

B 

41 

33 

74 

B 

11 

9 

20 

45 A 

18 

13 

31 

47 A 

40 

40 

80 

48 A 

45 

38 

83 

B 

5 

3 

8 

B 

39 

20 

. 59 

B 

35 

30 

65 

84 A 

10 

13 

23 

77 A 

54 

54 

108 

64 A 

47 

46 

93 

B 

31 

23 

54 

B 

57 

53 

no 

B 

38 

36 

74' 

66 A 

39 

35 

74 

29 A 

19 

12 

31 





B 

30 

31 

61 

B 

30 

32 

62 






Though it requires a considerable amount of careful work on the part 
of an experienced statistician to arrive at the various correlations capable 
of being determined from the figures in the above tables, it will not take 
long to set them down. They are shown in Table VIL 

It will be noted that the correlation between identical twins as deter- 
mined by Bonnevie (+ 0*924 ± 0*037) is somewhat lower than our own 
correlation for 50 pairs of carefully diagnosed identical twins (-f 0- 95 
±0*01). It is, however, not in great disagreement, for the probable 
errors calculated for her material and mine are large enough to cover the 
discrepancy. It is possible, as stated before, that a few of Bonnevie’s 
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''identical twins’’ are fraternals. Her figure for fraternal twins (+ 0*535 
± 0*082) is somewliat higher than ours (+ 0*46 ± 0*08), but the probable 
errors of both are fairly large, sufficient to cover the discrepancies. The 
correlation between right and left hands as determined by Bonne vie is 
less both for identical twins and for single individuals than ours for 
either identical or fraternal twins. In this case the discrepancy is so great 
that it is not covered by the probable error. Our figures deal with larger 
numbers of individuals, and we find exactly the same degree of correla- 
tion (+ 0*93 ± 0*01) between right and left hands of identical twins as 
between right and left of fraternal twins. This finding lends no support 

TABLE VII. 

Coefficients of correlation between total ridge counts of five fingers 
of each hand based upon figures supplied in Tables V and VI. 


Correlation between right and left hands of each individual 
Correlation between right hand of A and right hand of B 
Correlation between left hand of A and left hand of B 
Correlation between right hand of A andleft hand of B 
Correlation between left hand of A and right hand of B 
Correlation between totals of both hands of A and both 
hands of B 

Bonnevie worked out several correlations for total finger prints of the 
two hands of individuals of various grades of relationship which are as 
follows : 


Identical 

Fraternal 

twins 

twins 

f=0-93±0-01 

0-93 ±0-01 

=0-92 ±0-01 

0-34 ±0-08 

r =0-93 ±0-01 

0-50 ±0-07 

r =0-91 ±0-02 

0-47 ±0-07 

r=0-93±0-01 

0-40 ±0-08 

r =0*95 ±0-01 

0-46 ±0-08 


Correlation between 30 pairs of unrelated individuals ... 

Correlation between brothers and sisters (30 pairs) ... 

Correlation between fraternal twins (16 pairs) ... ... ... 

Correlation between identical twins (15 pairs) ... ... 

Correlation between right and left hands of individual identical twins 

(30 individuals) ... ... ... 

Correlation between right and left hands of single persons (30 in- 
dividuals) ... ... ... 


=0-270 ±0-128 
=0-595 ±0-118 
=0-535 ±0-082 
= 0-924 ±0-037 

=0-860 ±0-027 

=0-886 ±0-039 


to the statement sometimes made (Wilder), that right and left sides of 
identical twins are more alike than are right and left sides of single 
individuals, for we may consider fraternal twins are no more than sibs 
born together. 

It may also be noted that in identical twins the total for both hands 
of A and B (+ 0*95 ± 0*01) is higher than any other correlation, in fact, 
the highest inter-individual correlation ever determined. The highest cor- 
relation previously reported was that between twin pairs of armadillo 
quadruplets (pairs I and II and pairs III and IV), which are true twins 
formed by the fission of a single embryojaic primordium. This correlation, 
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determined for tHe total numbers of scutes in tbe nine armour bands, was 
+ 0*9294 ± 0*0057 for 112 pairs (66 sets) of males; and ± 0*9129 ± 0-0059 
for 118 pairs (59 sets) of females. This averages a Mttle more than -h 0*92, 
wbich falls several points short of being as Mgb as that in human twins 
(± 0-95 ± 0*01). 

In spite of the fact that there are several cases in which there is closer 
resemblance between right hand of one twin and left hand of the other, 
the general correlation between right and right and between left and left 
is very high; in one case (left and left) the same as for right and left of 
same individuals, in the other (right and right) a little less. If we were 
to correlate right with right in all sets where these are closer, and right 
with left in the cases where these are closer, and were to combine the 
two into one correlation, we should get a coefficient of correlation as 
high as ± 0*95, which would bear out our contention that there is closer 
inter-individual resemblance than intra-individual resemblance among 
identical twins. 

The most impressive feature of these correlations consists in the 
striking differences in the figures obtained for identical and for fraternal 
twins. Fraternal twins have correlations for the most part below ± 0*5, 
the usual correlation between sibs. Why most of these correlations run 
somewhat below ± 0*5 is not clear, but if the probable error is taken into 
account, there is no discrepancy with sib correlations in general. The very 
high correlation found for the 50 pairs of twins diagnosed as mono- 
zygotic and the very low correlation found in 50 pairs of dizygotic twins 
both tend strongly to corroborate our diagnoses of the two classes of 
twins. Were there any cases of fraternals diagnosed as identicals or 
identicals diagnosed as fraternals, one would hardly expect the correlation 
for identicals to be so high or that for fraternals so low as they actually 
are. 

{a) Study of individual 'pain of identical twins * 
as to quantitative resewblances, 

A closer study of Table V reveals some remarkable facts about in- 
dividual sets of twins with respect to the quantitative values of their 
finger patterns. Twelve of the 50 pairs of identical twins have exactly 
the same total quantitative values of the two hands. Of these 12 pairs, 
9 fall among the first 25 in the list, those most alike in features and other 
physical characters; while none fallin tUb lowest 15 in the list, those least 
alike physically. Eight sets show a difference of only 1 in total value 
between the two individuals, and 13 more show a difference of 2 or 3. 

29 
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On the other hand, several pairs differ as greatly as do the average of 
fraternal twins. Pair 60, for example, the last in the list from the stand- 
point of general resemblance, has a difference of 33 in total friction ridge 
values; pair 70 (fifteenth from the end of the list) shows a difference of 
15 in ridge values; pair 91 (eighteenth from the bottom of the list) shows 
a difference of 10 in ridge values; and pair 27 (third from the bottom of 
the list) shows a difference of 13 in ridge values. When these cases are 
scrutinised the following facts come to light: in pair 60 the difference is 
found to be due to the presence of arches, with a value of 0, in digits II 
and IV of twin A, as against fairly high- valued loops in these fingers 
of twin B. The other digits are strikingly similar in the two twins. It 
seems probable that the difference here is a qualitative one, involving 
the presence of a primitive pattern in these two fingers in one twin and 
its suppression in the other twin. The same sort of thing is common in 
palm patterns in the case of identical twins, as when a thenar pattern is 
present in both palms of one twin and absent in one or both palms of the 
other. In this case the suppression of a-pattern in two fingers of each 
hand in one pair of twins produces ten times as great a difference in total 
quantitative values as the average of all the other pairs of identical twins 
combined. 

In pair 70 nearly the whole lack of correspondence is the result of a 
marked difference in one finger on each hand, the index finger, the radial 
loops of A being large, with values of 9 and 10, while those of B are 
small, with values of 3 each. All other fingers are strikingly similar 
both qualitatively and quantitatively. 

In pair 91, the two left hands have exactly the same values, 39, but 
there is a difference of 10 in total values in the two right hands. Here 
again most of the difference occurs in one digit, Y, in which the pattern 
is highly developed in A and reduced to a vestige in B. 

In pair 27 there is a most striking resemblance in the details of pat- 
terns between the right hand of A and the left hand of B, the only marked 
difference being in digit III, A having an extensive loop with twelve 
ridges and B a vestigial loop with but one ridge. 

The total difference between A^s and B’s of 50 pairs of identical twins 
is 182, of which about one-third (61) is contributed by the four pairs just 
discussed. In each of these cases the difference seems to be due to a 
suppression of a pattern in one or two fingers, rather than to purely 
quantitative differences in pattern values. 
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i^) Resemblances in total quantitative values of the fight 
and left hands in identical twins. 

As was done in the case of pattern-types, it is possible to list the 50 
pairs of identical twins according to the closeness of resemblance of right 
and left hands in their total ridge values. The following list gives the 
data: 


E. like R. and L. like L.: 63, 80, 67, 102, 23, 49, 43, 38, 33, 2, 100, 101, 18 13 sets. 

E. Hke R.: 55, 94, 68, 6, 97, 24, 41 ... 7 sets. 

E. like L. : 73, 99, 91, 28, 7 ... ... 5 sets. 

E. like L.: 62, 98, 40, 9, 35, 25, 13, 79, 72, 14, 69, 30 ... 12 sets. 

Three hands alike and one different: 3, 44, 53 ... 3 sets. 

E. and L. of same twin more alike than like either hand of opposite twin: 

96, 78,87,70,34,27,60 ... ... 7 sets. 

No decision possible: 37, 17, 15 ... ... ... ... ... ... 3 sets. 


Only 7 pairs of twins depart from the rule that inter-individual re- 
semblance is stronger than intra-individual resemblance in one or both 
twins. In four of these cases, as has been explained, the discrepancy is 
due to the suppression of one or two patterns rather than difierences in 
quantitative values. It should^be noted that 26 pairs show homolateral 

resemblance and 12 pairs heterolateral resemblance between twins. 

• 

V. Comparison between armadillo quadruplets and human 

TWINS WITH RESPECT TO INTEGUMENTARY STRUCTURES- 

In comparing armadillo quadruplets with human twins it will be well 
to consider quadruplets as double twin pairs and to compare twin pairs 
of armadillo to twin pairs of man. Our comparison will concern itself 
with the question whether in the case of asymmetrical peculiarities, such 
as double bands and scutes, the right side is more often like the right (or 
left like left) than right is like left; and whether homolateral resemblance 
is greater or less than heterolateral. 

With respect to band anomalies we may list the following cases 


(Newman, 1913): 



SetK 

87 

In foetuses I and II 

R. like E. and L. like L. 



III and IV 

R. like L. 

SetK 

30 

„ 1 and II 

L. like L. 

SetE 

4 

I and II 

KlikeL. 

SetC 

1 

I and II 

E. like E. 



III and IV 

R. like L. 

SetC 

29 

„ III and IV 

L. like L. 

SetC 

40 

■ „ land II 

R. like L. 

SetC 

101 

„ III and IV 

R. like E., also E. like L. 

SetK 

2' 

„ I and II) 

IllandlVi 

3 alike and 1 different. 

Set A 

64 

„ IIIandIV-» 

R. like E. and L. like L. 

Set A 

96 

I and II 

R, like R. 



III and IV 

R. like R. 

SetK 

80 

„ land II 

L.likeL. 



III and IV 

R. like L. 
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Here tliere are twelve cases of liomolateral resemblance and five cases of 
beterolateral resemblance, or mirror-imaging. In fact, bomolateral re- 
semblance is about twice as frequent as beterolateral in both armadillo 
quadruplets and human twins. 

In the case of asymmetrical scute anomalies^it is almost impossible to 
be sure whether the individual anomalies are equivalent units, for they 
occur singly at highly variable parts of the carapace in twin pairs. Yet 
even in scute anomalies homolateral resemblance is far commoner than 
heterolateral resemblance, there being eight cases of the former to. three 
cases of the latter which are unequivocal. It appears then that in the 
armadillo as well as in man there is a preponderance of homolateral re- 
semblance in asymmetry as compared with heterolateral, a fact which 
reinforces our conviction that twiming in man must be essentially the 
same sort of process, as that known for the armadillo, and that twinning 
in man takes place at about the same time and is related to the symmetry 
and asymmetry mechanism in the same ways as in the armadillo. 

r 

VI. Summary. 

1. The finger prints of 60 pairs of twins diagnosed as identical (mono- 
zygotic) and of 50 pairs diagnosed as fraternal (dizygotic) were studied 
and classified as to pattern-types. In general, the distribution of whorls, 
loops and arches is about the same in the two groups of twins and agrees 
with that of the general population of single individuals. 

2. In both groups of twins radial (reverse) loops are largely confined 
to the index finger (digit II), only about 8 per cent, being distributed 
among the other four fingers. 

3. Whorls also commonly show ulnar and radial twists and spirals. 
Those with radial asymmetry, as was the case in radial loops, are largely 
confined to the index finger. Only about 15 per cent, of the total of radial 
loops occur on the other four fingers. 

4. This remarkable incidence of radial patterns is interpreted as being 
the result of an early twinning, or dichotomy, of the limb bud, giving rise 
to the primordia of the thumb and the remainder of the digits. Since the 
thumb practically always has ulnar asymmetry, the frequency of radial 
patterns on digit II is believed to be a vestige of a mirror-image relation- 
ship once present in the bilateral halves of a twinning appendage. As 
development proceeds, the position of the limb with respect to the bodily 
axes affects the symmetrical relStions of the twin components in such a 
way that the whole appendage develops a strong ulnar asymmetry, and 
this is expressed in the patterns cl most of the fingers. Only in the index 
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finger, tlie original twin part of the tlninxb, is the original twinning rela- 
tion retained in the form of numerous radial (reversed) patterns. 

5. Tented arches, so common on index fingers, are interpreted as in- 
stances of partial asymmetry reversal, such an arch being a compromise 
between an ulnar and a radial loop. 

6. A detailed comparison of the pattern-types of identical and 
fraternal twins is made with respect to whether there is greater resem- 
blance between, hands of opposite twins or between opposite hands of 
same twins. In identical twins the rule is that one or both hands resemble 
the hands of the other twin more strongly than do opposite hands of same 
individual. Quite the reverse is true for fraternal twins. This may be 
used as a criterion for the diagnosis of doubtful twin pairs. 

7. As the result of counting the friction ridges in the finger prints, 
using a method somewhat different from that of Bonnevie, it was found 
that in quantitative pattern values the coefficient of correlation between 
right and left hands of the same individual is the same for both identical 
and fraternal twins (+ 0*93 iiO-Ol); that for identical twins the corre- 
lation between total values of right plus left hands of A and B is -f 0*95 
± 0*01, and only + 0*46 dz 0*08 for fraternal twins. The correlation be- 
tween one or both hands of opposite twins is greater for identical twins 
than that between opposite hands of same individuals; while exactly the 
reverse is the case for fraternal twins. 

8. Studies of individual pairs of twins are presented to show parallel 
resemblance, mirror-image resemblance, and lack of resemblance. These 
data cannot be summarised. 

9. A comparison is made between the finger patterns of human twins 
and the band and scute patterns in armadillo quadruplets with respect to 
the relative frequency of parallel-imaging and mirror-imaging of asym- 
metrical peculiarities. In both man and the armadillo parallel-imaging is 
about twice as frequent as mirror-imaging. This emphasises the prob- 
ability that twinning in man is closely similar in time and in method to 
that in the armadillo, and that there exists in both the same intimate 
relation between twinning and the symmetry and asymmetry mechanism. 
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DESCRIPTION OF PLATES XVII, XVIII. 

Plate XVII. 

Figs. 1-9. Sample finger prints from right hands, showing various types of symmetrical 
and asymmetrical whorls. 1, a symmetrical wfcorl. 2, 4, 7 and 8, whorls showing the 
normal asymmetry, called ulnar whorls (Wu), and with a clockwise twist or spiral. 
3 and 6, whorls showing reversed ^symmetry, called radial whorls ( Tf r), and with a 
counter-clockwise twist or spiral. 5', a whorl within an ulnar loop {Win), 9, a double 
loop with a reversed or counter-clockwise twist ( Wdr), classed as a whorl because it 
has two triradii. (Slightly enlarged.) 

Plate XVIII. 

Figs. 10-16. Examples of the closest approach to identity between the patterns of homo- 
logous fingers in three pairs of identical twins. 10 a and 10 &, for example, represent 
homologous patterns in two individuals of the same pair of identical twins. These 
examples are chosen, in spite of the fact that some of them are incomplete, because 
they represent the ways in which the centres or cores of patterns show close 
resemblances even when the pattern is unusual or unique in character. (Slightly 
enlarged.) 
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Introduction. 

The study of polyploidy in its different forms has, in recent years, 
added largely to our knowledge and comprehension of genetical and 
evolutionary problems. The findings of the cytologists that, in a great 
many cases, closely allied species can be arranged in series of multiples 
of a haploid chromosome number already pointed to polyploidy as a 
factor in evolution. Steps towards the formation of new species are, no 
doubt, foimd in cases like Primula Eewensis (Newton and Pellew, 1929) 
and Nicotiana (Clausen and Goodspeed, 1926), where species crossings 
are followed by doubling of the chromosomes. From a genetical stand- 
point the multiplying of the chromosomes wiU, as pointed out by Morgan 
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(1926), ofier an opportunity of increasing the numbers of new genes, and 
thereby enlarge the possibilities of evolution. Of more special interest to 
the cytologist and the geneticist is the behaviour of the chromosomes in 
polyploid forms, the inter-relationship between chromosomes and genes, 
and the opportunity they offer of studying the gene in different quantities. 

The present investigation, which deals with the tetraploid forms of 
Primula sinensis, was started by the writer in 1922 at the John Innes 
Horticultural Institution and carried on there until 1926. It represents 
a continuation and extension of experiments started by the late R. P. 
Gregory, w^hose material and unpublished data w^ere kindly handed 
over to me by the late Prof. W. Bateson. For the great privilege of 
working in his laboratory under his genial and inspiring supervision 
I am exceedingly thankful. 

The tetraploid form of P. sinensis was first described genetically and 
cytologically in a preliminary report by the late R. P. Gregory^(1914). 
Plants of giant growth w^'orc found to have twice as many chromosomes 
as the common variety of P. sinensis, Whik this latter form has 12 pairs 
of chromosomes in its somatic cells, the tetraploids were found to have 
24 pairs. Genetic experiments proved beyond doubt that this multi- 
plication is due to a longitudinal splitting of the chromosomes, since the 
doubling of the chromosomes is evidently accompanied by a correspond- 
ing doubling of genetical factors. In the somatic cells of such tetraploids, 
the chromosomes are present in sets of four homologous chromosomes 
instead of in pairs as in diploids. Consequently we get a more complicated 
distribution of genetical factors during maturation divisions, resulting 
in Pg back-cross ratios differing from those usually found. 

The object of the present investigation has been to study in detail the 
different features of these tetraploid plants. Their fertility has been ex- 
amined and compared with the fertility of diploids, while their cross- 
fertility with diploids has also been tested. Considerable stress has been 
laid upon settling the exact Pg ^^.d back-cross ratios for a number of 
genes, and on the study of their quantitative nature through external 
manifestation when present in different doses. Further, it is hoped that 
the experiments have thrown some light upon the problems of linkage in 
tetraploids; to jny knowledge it is the first time linkage has ever been 
studied in a tetraploid form. Finally, the cytological behaviour of the 
chromosomes during maturation divisions, especially through their 
diakinetic stages, has been studied 'as far as possible in a material which 
does not lend itself easily to cytological research. 
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Origin and appearance oe tetraploid plants. 

The giant variety of P. sinensis appears to have arisen spontaneonsly 
among diploid plants. T»wo of the tetraploids used in the earlier experi- 
ments were found by Gregory in his own strains of diploid plants. Others 
were brought in from Messrs Sutton’s nurseries in the course of both his 
and my own experiments. Once in my own experience a new tetraploid 
plant appeared among a family of pure-bred diploid plants at the John 
Innes Horticultural Institution, 

As already mentioned the doubling of the chromosomes can only be 
due to a longitudinal splitting of the chromosomes. There are two ways 
in which this is likely to happen: (1) the tetraploid condition may arise 
from a union of two germ cells, both of which have the unreduced diploid 
number, of chromosomes; (2) if at one of the first divisions of the fer- 
tilised egg the chromosomes divide but fail to separate, this may lead 
to the formation of a tetrapleid plant. Cytological observations make 
both methods possible. The existence of diploid gametes has been fre- 
quently demonstrated for several species, whilst at the same time the 
appearance of tetraploid cells in somatic tissue is a fairly common pheno- 
menon. Gairdner (1926) describes a tetraploid form ot Campanula 
persicifolia. In the diploid variety of this species she finds that diploid 
gametes of both sexes occur not infrequently, and suggests that the meeting 
of two of these gametes may have been the origin of the tetraploid form. 
On the other hand, diploid gametes in P. sinensis have never been 
observed, and although I am not prepared to say that they do not occur, 
I am confident that it is a very rare phenomenon, and that the chances 
for the meeting of two such gametes are very small. More likely the 
tetraploidy in this case, as suggested by Gates (1909) for Oenothera, is due 
to a suspended mitosis at the first or at one of the earlier divisions of the 
fertilised egg. There is, however, in the present case no way of distin- 
guishing between these two methods of origin. The genetical and cyto- 
logical results are in both cases ahke, viz. the production of a plant with 
all its chromosomes in sets of four. In P» K^ensis (Newton and Pellew, 
1929) we have a controlled case of tetraploidy having originated through 
doubling of chromosomes in somatic tissue. In this case one branch only 
of a plant had its chromosome number doubled. Clausen and Goodspeed 
(1925) take it that their tetraploid Nicdtiana hybrid arose from a doubling 
of the chromosome number immediately or soon after fertilisation. 
Although both these cases deal with interspecific hybrids I think this is 
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BO reason why their way of forming tetmploids Bhoiild not be the same 
as in F. sinensis. 

The tetraploid P. smensis is in every respect a coarser and bigger 
plant than its diploid ancestor Gregory (1909) and Keel.)le (1912) have 
shown that this larger growth is due to an increase in size of every cell 
of the plant. Otherwise the known varitities of tetraploids closely re- 
semble the diploid form from which they arose, except for differences 
brought about by heterozygotie conditions. In this respect F. sinensis 
difiers from tetraploid forms of other species. Thus in Datura the leaves 
of tetraploids are generally broader than in diploids, and the capsule is 
spherical instead of ovate (Blakeslee, Belling and I’arnham, 1923). 
'^Telham Beauty,’’ the tetraploid form of 0. persicifolia, has a much 
shallower corolla compared with the deep bell-shaped one of the diploid 
form (Gairdner, 1926). Again, in Oenothera gigas the pollen grains have 
four instead of three germ pores (Gates, 1911). In artificially produced 
tetraploids of Solanum Jorgensen (1928) describes the difference in leaf 
shape as distinct and constant. All these differences are supposed to arise 
as a direct consequence of the enlarged nuclei. 

' C ■ 

Fertility m TETEAPLOiDS. 

The tetraploid variety of F. sinensis soon proved to be less fertile 
than its diploid ancestor. Table I gives the total seed-setting in diploids 
of the year 1925 compared with the seed-setting in tetraploids of the 
years 1924 and 1925. 

TABLE 1. 

Seed-setting in diploid and tetraploid P. Binemm. 

No. of seeds 


No. of 


Capsules 


f 

■jv...,,-- — 

flowers 

Set 

A 

1 


Per 

fertilised 

% Failed 

0/ 

/o 

Total 

capsule 

2032 

1326 

65*3 706 

34-7 

17292 

13-04 

2099 

1218 

68 881 

42 

8475 

6-95 


Diploid plants, 1925 
Tetraploid plants, 19! 

and 1925 

Table I reveals that in tetraploids more flowers fail to set after pollin- 
ation, and that the average number of seeds per capsule is reduced to 
about one-half of that in diploids. In tetraploids only 58 per cent, of 
the pollinated flowers develop their seeds as compared with 65 per cent, 
in diploids, and the average amount of seeds per set capsule is about 
7 against 13 in diploids. 

This manner of calculating, however, gives only a rough measure of 
fertility. Both in diploids and tetraploids seed-setting varies considerably. 
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some varieties being muob more fertile than others, while hybrid vigour 
also plays some part. Hence the fertility in a particular year, as calculated 
in Table I, will largely depend upon what kinds of plants have been used 
for breeding. One gets a truer picture of the difference between diploids 
and tetraploids by comparing the maximum of seeds per capsule which 
it is possible to get froffi any one plant. In Table II the plants used for 
breeding during the years mentioned have been arranged according to 
their average number of seeds per capsule. 


TABLE II. 


Number of seeds per capsule obtained from each plant used for breeding. 


Diploid and tetraploid plants arranged according 
to their average number of seeds per capsule 


Tetraploids 

1924-5 


Diploids 

1925 



0 

1-5 

6-10 

11-15 

16-20 

21-50 

Total 

Actual numbers 

13 

88 

39 

9 

. 



149 

Percentage 

8-7 

59 

26-2 

61 




Actual numbers 

2t 

37 

47 

29 

11 

21 

169 

Percentage 

14*2 

22 

28 

17-1 

64 

12-3 



Tlie great bulk (59 per cent.) of tetraploid plants gave only from 1 to 
5 seeds per capsule, while no single plant gave more than 16 seeds per 
capsule. In diploids, on the other hand, most of the plants used gave more 
than 6 seeds per capsule, while a great many plants surpassed these 
numbers and quite a few gave even from 40 to 50 seeds per capsule. 

The question at once arose whether the lowered fertility in tetra- 
ploids was in any way connected with the heterostyhsm characteristic of 
this species. It is a well-known fact that P, sinensis has two kinds of 
flowers, short- and long-styled, this dimorphic heterostylism being deter- 
mined by one single pair of genes^. Earlier experiments all agree that in 
diploid P. sinensis legitimate unions (short x long or vice versa) are the 
more fertile. Darwin (1880) found that legitimate crosses gave about 
twice as rdany seeds per capsule as the illegitimate crosses (long X long 
or short x short). Gregory (1911) found the difference somewhat smaller, 
and states that in his experiments long-styled plants were on the whole 
more fertile. The problem which here arises is whether heterostylism 
affects seed-setting in tetraploid plants, and if so, how. • 

Table III shows the result obtained from legitimate and illegitimate 
crosses in diploids and tetraploids resj)ectively. 


1 Short-styled plants have the anthers at the opening of the corolla tube, while in 
long-styled plants the anthers are found at the bottom of the tube. 
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■ TABLE. Ill 


Seed-setting Jmm legitimate and UlegitimMe en^ossm oftetraphid flam of 
the years 1925 and 1926 and diploid plaMs qfthe year 1925. 


Legitimate crosses 


No. of 
iowers 
fertilised 

No. of capsules 
with seed 

No. of 
seeds 

No. of 
seeds per 
capsule 

Short X long 

Tetraploid 

179 

166 (86-G %) 

2336' 

151 


Diploid 

S5 

31 (88-e %) 

529 

17 

Long X short 

Tetraploid 

HI 

63 (.60-8 %) 

536 

8*5 


Diploid 

89 

59 (66-2 %) 

426 

7*7 

Illegitimate crosses 
Short X short 

Tetraploid 

364 

269 (76 %) 

2087 

7*8 


Diploid 

266 

191 (71-8 %) 

2342 

12-3 

Long X long 

Tetraploid 

1401 

707 (60-3 %) 
1046 (63-6 %) 

3259 

4*6 


Diploid 

1642 

13995 

13*4 


In the diploid plants of 1925 the efiect of heterostylism is hardly 
traceable. The legitimate union short x long gave the highest number of 
seeds per capsule ; but, on the other hand, the reciprocal cross, long x short, 
gave a comparatively low average of seeds per capsule, the illegitimate 
unions at the same time both showing fairly good results. 

Turning to the tetraploids weToaeet certain peculiarities. From legiti- 
mate unions more seeds were on the whole obtained, although the differ- 
ence between the legitimate cross, long x short, and the illegitimate 
cross, short x short, is too small to be of much significance. The legitimate 
crosses, short x long, gave, on the other hand, more than thrice as much 
seed per capsule as the illegitimate crosses, long x long, the latter showing 
a very low fertility. This fact is of some significance for the final result. 
As shown in Table III the combination, long x long, has been used far 
more frequently than any other cross. This is due to the coincidence that 
most of the varieties used in the experiments have been long-styled, and 
in tetraploids it takes some time to combine them all with heterostylism. 
Here then we have one reason why in the present experiments a distinct 
lowering of the average amount of seeds per capsule is found. 

In the hope that more light would be thrown upon these questions of 
fertility, an examination of pollen grains, their development and ger- 
mnatmn power, was undertaken. The result of these rather extensive 
investigations was, however, disappointing in so far as these questions are 
concerned. 

The distribution of the chromosonies during maturation divisions in 
tetraploid plants, and the possible significance of 
with in connection with the problem of fertility, 
wi e iscussed in a later sectiom ; apparently regular 
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pollen tetrads are formed. Irregularities like tkose found by Glairdner 
(1926) irx Campanula do not appear; for sbe found that intbe tetraploid 
variety of 0. persidfolia an abnormal distribution of chromosomes not 
infrequently gives rise to a varying number of cells, from three to six, 
inside the pollen mother cell’s wall. Similar cases are described by 
Jorgensen (1928) in Sotanum. 

Ripe pollen of tetraploid P. sinensis looks relatively good, although 
a certain proportion of shrivelled grains is always present. Micro- 
photographs of pollen from short- and long-styled flowers of diploids and 

tetraploids respectively are shown in Text-fig. 1. 



oid and tetraploid plants: (a) short-styled diploid: 
long-styled diploid; (d) long-styled tetraploid. 


Text-fig. 1. Pollen grains from dipl 
(6) short-styled tetraploid; (c) 
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The differeEce in size between pollen from diploids and tetraploids is 
striking. The photographs further bring out that characteristic differ- 
ences, existing in diploids between pollen from short- and long-styled 
plants, are maintained in tetraploids. Pollen from short-styled plants of 
both forms consists of uniformly developed, slightly oval-shaped grains. 
Long-styled flowers have, on the other hand, two kinds of pollen grains, 
viz. a few large round thick-walled grains (diameter in tetraploids 
measuring about 42/x), together with a quantity of smaller more oval 
grains (the longer axis measuring in tetraploids about 28/x). The photo- 
graphs further show that, whereas diploid anthers contain very few bad 
grains, a certain amount of bad pollen is present in tetraploids, and con- 
siderably more bad shrivelled pollen grains in long-styled than in short- 
styled flowers. A rough count gave for long-styled tetraploid plants 5 per 
cent, larger, mostly round, pollen, 55 per cent, ordinary sized oval pollen 
grains, and 40 per cent, shrivelled pollen. Short-styled plants, on the other 
hand, were found to have 70 per cent, good pollen, 8 per cent, of smaller 
grains, and only 22 per cent, bad shrivelled grains. * 

The peculiar differences between normal pollen from long-styled 
plants can hardly be of any significance to the problem of fertility; for 
similar differences in diploids have no visible effect upon the fertility of 
the plants. Moreover, in tetraploids, long-styled flowers fertilised by 
the regular pollen from short-styled plants gave less seed than the short- 
styled plants fertilised by the more irregular pollen from long-styled 
flowers. On the other hand, the presence of bad pollen indicates a 
lowered fertility, but it is doubtful whether the amount of shrivelled 
grains in itself is sufficiently large to influence the seed-setting process. 
There are more shrivelled grains in long- than in short-styled flowers, 
and yet, as already mentioned, short-styled flowers fertilised by pollen 
from long-styled flowers proved to be the better seed-setters. 

Pollen grains of both kinds were next made to germinate on a sugar 
solution in agar (1 per cent.). In both cases germination started readily 
and almost at once on a solution containing 10-12 per cent, cane sugar. 
Pollen from short-styled flowers proved to germinate somewhat better 
than pollen from long-styled flowers, the percentages of germination being 
42 and 30 respectively. PoUen from short-styled plants grew very long, 
healthy looking tubes, which lasted for several days on the nutrition 
medium (see Text-fig. 2 (c) and (d)). Only about 1 per cent, of the smaller 
grains started germination, and gr^^ins which did not germinate within a 
few hours never germinated at all. Pollen from long-styled plants had 
strikingly weaker tubes which, aft^ a day or two, invariably burst at 


'f 
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the outer ends (see Text-fig. 2 (a) and (6)). These facts are given without 
any attempt to explain their cause or significance. The solution of the 
problem hes with the physiologists. Apart from the conaderably higher 
percentage of germination the same differences are found in diploids. 
Presumably some sort of physiological difference between the stigmas of 



(c) W 

Text-fig. 2. (a) and (6). PoUen from long-styled tetraploids. (o) and (d). Pollen from 
short-styled tetraploi<fe. > 


short- and. long-styled flowers counterbalances this difference between the 
two kinds of pollen; and makes the tubes grow normally down the pistiL 
Summing up, these observations on the pollen and its germination 
proved that in tetraploid plants a certain amount of bad pollen exists, 
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while at the same time the power of germination is considerably lowered, 
both factors acting in the same direction in reducing the fertility of the 
plants. 

A superficial examination of ovaries revealed no such occurrence of 
bad ovules ; but this may be of no significance, since chromosomal dis- 
turbances may not assert themselves till after fertilisation. 

Finally, a few words concerning seed-germination in giants. Only 
good-looking seeds were sown, all others being discarded. With this re- 
striction germination was found to be only slightly lower than that of 
diploids. Seed from short- and long-styled plants germinated equally 
well, regardless of whether they originated from legitimate or illegitimate 
crosses. The percentage of germination was about 75. 

Inteesterility of tetraploibs and diploids. 

The difficulty of crossing tetraploids and diploids was recognised by 
Gregory (1914), who remarks that ‘‘up to the present time neither the 
GG nor the GT races of giants have given ^ny fertile seed in crosses with 
various non-giant diploid races, whichever way the crosses were made.’^ 
During the five years I have had the opportunity of working with 
P. sinensis, more than a hundred crossings of this kind were tried each 
year, but with very poor result. The first three years these attempts were 
entirely futile. In 1925, however, one seed was obtained from the cross 
tetraploid female by diploid male. This seed germinated and developed 
into a strong, healthy looking plant (Plate XIX), which from root-tip 
counts proved to have the triploid number (36) of chromosomes. The 
following year, 1926, two more triploid plants resulted, also from crosses, 
tetraploid x diploid. 

Although several other varieties were tried, triploid plants have so 
far only been obtained when the tetraploid variety “ moss-curl ” was used 
as female parent. 

Triploid plants so far have proved to be completely self-sterile. Tri- 
ploid X diploid have, however, given one plant with 25 chromosomes, and 
tetraploid x triploid likewise one plant, which was found to have 47 
chromosomes, both cases being counted from root tips by Miss Gairdner. 
As expected, the number of chromosomes in triploid germ cells is variable. 
It is noteworthy that, so far, every time any seed has resulted from crosses 
of this kind, plants of higher chromosome number have acted as female 
parents, the few successful crosses^? being tetraploid x diploid, tetraploid 
X triploid and triploid x diploid; reciprocal crosses never gave any seed 
capable of germinating. Miss Gairdner (49^6) reports that crosses between 
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C. persicifoUa and its tetraploid variety, ‘'Telham Beauty,” only suc- 
ceeded when the latter was used as mother plant. In this case, however, 
the triploid offspring were self-fertile ; also viable seeds were obtained from 
crosses triploid x tetraploid and diploid x triploid. A parallel case is re- 
ported in Datum, where Blakeslee, Belhng and Farnham (1923) found that 
diploid X tetraploid gave'a total of 212 failures and no successes, while the 
reciprocal cross, tetraploid x diploid, occasionally gave viable offspring. 
The phenomenon calls for a closer and more extensive examination. 

Genetics OF TETRAPLoins. 

The tetraploid form of P. smensis has in its somatic cells 12 chromo- 
somal sets, each containing four homologous chromosomes. Hence in a 
homozygous plant any gene A will be represented four times. Hetero- 
zygous plants may, as pointed out by Gregory (1914), be any one of 
three possible kinds, AgUj, or A^ag. 

In heterozygotes of the kind AgUi, two types of gametes, AA and Aa, 
are formed in equal numbers^ and since both gametes will contain at 
least one dose of the dominant gene, it follows that pure recessives can 
never be obtained from these plants either by selfing or by back-crossing. 
In the next generation, however, there is a chance that a few recessives 
may be produced from plants of the genotype AgOg. 

The second type of heterozygote has a special interest in con- 
nection with the problems of tetraploidy. Three kinds of gametes, AA, 
Aa and aa, are here possible. As regards the relative proportion between 
these classes of gametes two alternatives have to be considered: 

(1) Gregory (1914) assumed that in plants of the constitution A^a^ 
gametes were formed in the ratio lAA : 2Aa ; laa. Selfing these plants 
then would lead to a segregation of 15 dominants to 1 recessive, while 
from back-crossing a 3 : 1 ratio would result. The numbers he obtained 
from his experiments he regarded as being in fair agreement to these 
expectations. 

(2) Shortly afterwards Muller (1914) advanced the theory that 
gametes must be formed in the proportion of lAA : 4Aa : laa, giving rise 
to a 35 : 1 ratio from selfing and a 5 : 1 ratio from back-crossing. The 
numbers published by Gregory he thought to be in better agreement with 
this hypothesis. The data given by Gregory are, however, as Muller was 
well aware, hardly suflacient for setthng this question. Later, Blakeslee, 
Belling and Farnham (1923) found in tetraploid Datura a strong support 
for the latter theory. 

The problem raised is one of vital importance, inasmuch as the whole 
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question will depend upon the behaviour of the chromosonaes during 
maturation divisions. If pairing takes place only between chromosomes 
coming from opposite parents, selfing and back-crossing #1 plants will 
give the ratios proposed by Gregory. Assuming that AA^ came from one 
parent and aa^ from the other, the gametes obviously will be formed 
according to the scheme: 

A— >Ai 

X 

a— 

i.e. lAA * 2Aa : laa, as assumed by Gregory. 

If, on tbe other hand, pairing takes place at random between any 
two of the four homologous chromosomes, regardless of whether they 
were derived from the same or from opposite parents, the gametes would 
be formed according to the following scheme : 

A — >Ai 

1X1' 

a — ^-a. 

a ^ 

i,e. lAA : 4Aa : laa, as first proposed by Muller (1914). 

Between these two alternatives lies of course a series of intermediate 
possibilities based upon the alternatives that conjugation can take place 
between any two of the four chromosomes with unequal frequency. 
Pairing may, for instance, take place preferably between chromosomes 
coming from opposite parents. 

It might seem that the better way of deciding between these alter- 
natives would be to use A 2^2 plants in which one A and one a were 
derived from the one parent and the other A and a from the other parent. 
Pairing between chromosomes from opposite parents would, in this case, 
give nothing but Aa gametes, and no segregation of recessives could take 
place. Pairing at random would, on the other hand, lead to the same 
result as before. The objection to this procedure is the difficulty of getting 
plants made up in this way. The only method would be to cross A^a^ 
plants; one-fourth of the ofispring then should have the constitution 
wanted. The “testing of these plants is, however, a laborious and uncertain 
affair owing to the small number of offspring obtained from any one 
plant. 

As will be shown later, the study of i certain constellations of genes 
exhibiting linkage phenomena provides another method of judging 
between the^ie 
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The third class of heterozygotes, plants of the genotype A 2 a 3 , will 
behave like diploids, giving the ordinary Mendelian ratios of 3 : 1 by 
selfing and 1 : 1 by back-crossing. 

In diploid P. sinensis a great many genes are known, and their mode 
of inheritance has been extensively studied (Gregory, 1911 ; Gregory, de 
Winton and Bateson, 1928). Fortunately tetraploid plants have ap- 
peared within several varieties of diploids containing different genes, and 
we are able to study the behaviour of these identical genes in fourfold 
condition. In the following account seven different genes, their way of 
manifestation and their mode of inheritance in tetraploid plants, wiU be 
described. In the tables given, numbers from the year 1922 and onwards 
are from my own experiments, while numbers from earlier dates represent 
unpublished results from Gregory's note-books. 

Heterostylism. (S-s.) 

The characteristics of heterostylism have already been described 
(p. 451 note). For brevity, therefore, it is sufficient to use the terms short- 
and long-style, the position of anthers being always closely related to the 
development of the style. 

The complete dominance of the gene for short-style is in diploids a 
well-established fact. In tetraploids we find that all three kinds of hetero- 
zygotes are phenotypically ahke and like the homozygous dominant, one 
dose of S being sufficient to produce the whole effect of short-styledness. 
The character was used by Gregory (1914); the numbers given in his 
report are small, but, though differently interpreted by him, in close 
agreement with what follows. 

Table IV gives the result of back-crossing 11 plants of the type SgSg. 
The constitutions of these plants are known only through their offspring, 
owing to the difficulty of estabhshing a pure dominant strain. The tetra- 
ploid mutant came in a diploid family heterozygous for short-style, and 
it demands many years of breeding to make sure of a pure dominant out 
of this combination; one may recall that heterozygotes of the type S 3 S 1 
do not give any recessives till the second generation, and then only from 
one-fourth of their offspring. There can, however, be no doubt of the 
constitution of the plants tested in the table. 

The expectations for both alternatives are given. The result goes 
strongly against the supposition of a pairing only between chromosomes 
coming from opposite parents. Eandcm assortment of the chromosomes 
fits, on the other hand, fairly well, although there is a lack of pure 
recessives. 
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TABLE IV. 

ShoTt-styh-long-styh. 

S2S2 back-crossed. 

No. of 

plants tested Short 


Family 

126- 24: 

127- 24 
130-24 
161-24 
234-25 
155-26 


Total 11 

Expected on a 3 : 1 ratio 

Expected on a 5 : 1 ratio 


ilifrs standard error 


Tables V and VI, with nearly 3500 plants, demonstrate beautifully 
the ordinary Mendelian segregation exhibited by heterozygotes of the 
S 1 S 3 type. 

TABLE V. TABLE VL 

Short-style-long-style, Short-style-long-style, 

selfed. SjS^ back-crossed. 

No. of No. of 

plants plants 

Family tested Short Long Family tested Short Long 

65-14 2 105 45 56-14 1 17 27 

56-14 2 86 31 137-15 3 44 35 

93- 14 1 42 17 43-21 1 45 33 

94- 14 1 38 10 144-22 1 32 35 

19^14 3 102 32 141-22 1 11 7 

6^15 1 27 8 105-23 1 8 18 

^ 9 103-23 1 41 36 

1 26 9 105-23 1 - 20 21 

19^23 1 30 4 102-23 4 83 108 

1 24 9 115-23 1 51 65 

1 18 3 114r-24 3 118 88 

i 9 116-24 1 20 12 

! ®9 28 129-24 2 43 50 

Jf9-25 4 269 79 130-24 1 14 15 

|3®-26 1 16 9 166-24 1 63 50 

237-26 1 51 11 173_24 i 28 27 

^ .o ^ 119-24 1 14 15 

iw 1 29 150-25 4 131 124 

152-26 1 24 9 162-26 2 124 113 

Total 28 1000 342 153-26 1 17 20 

Expected 1006-6 335-5 »> 156-26 4 93 ^ 

JW=15-9 DeT./Jl!f=0-4 Total 36 1007 995 

Expected 1001 1001 
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Green and red stigma, (G-g.) 

G lacts as a partial suppressor of colour, making not only the stigma 
but the whole of the pistil green. It also gives the flower colour a lighter 
shade. In diploids it shows complete dominance, two doses of g being 
necessary to make the pistil red and to give the flowers a darker shade. 
In tetraploids also only the pure recessives, g^, show the red colour, all 
three types of heterojzygote having green-coloured stigma. In plants of 
the constitution Gj,g3, however, the flowers have a darker shade, in 
some cases nearly as dark as that of the pure recessive form. 

Tables VII and VIII give the result of selfing and back-crossing G2g2 
plants. In this case every plant tested came from crossing pure dominant 

TABLE VII. TABLE VIII. 


Green stigma-red stigma. Green stigma-red stigma. 


' 

G 2 g 2 selfed. 


back-crossed. 



No. of 




No. of 




plants 




plants 



Family 

tested 

Green 

Redi 

Family 

tested 

.Green 

Red 

55-14 

2 

142 

6 

56-14 

1 

31 

12 

56-14 

4 

186 

6 

^ 182-21 

1 

16 

5 

104-14 

3 

131 

3 

102-23 

4 

166 

26 

85-15 

2 

31 

. — 

103-23 

1 

66 

11 

182-21 

1 

8 

— 

105-23 

1 

57 

11 

102-23 

1 

32 

1 

131-23 

1 

14 

2 

105-23 

1 

32 

2 

114-24 

4 

189 

42 

114-24 

4 

128 

2 

116-24 

1 

28 

4 

116-24 

1 

8 

__ 

144-25 

4 

64 

10 

144-25 

4 

250 

3 

145-25 

1 

18 

3 

145-^5 

1 

50 

1 

154-25 

2 

5 

— 

150-25 

4 

326 

12 

150-25 

4 

210 

44 

152-25 

2 

19 

1 

155-25 

3 

105 

25 

154r-25 

2 

20 

2 

152-26 

2 

206 

28 

155-25 

306-26 

3 

2 

195 

92 

6 

7 ' 

Total 

30 

1175 

223 

307-26 

1 

9 


Expected on a 3 ; 

: 1 ratio 

1048-5 

349*5 






M 

= 16‘2 

Dev./if=:7*8 

Total 

38 

1659 

52 

Expefcted on a 5 ; 

: 1 ratio 

1165 

233 

Expected on a 15 

; 1 ratio 

1604 

107 


if =13-6 

Dev./if=0*7 



if =7-0 

Dev./if=7*9 





Expected on a 35 

: 1 ratio 

1663-5 

47-5 







if=6-9 

Dev./if =;0-7 






G4 with pure recessives (g4); their genotypical constitution^ therefore, 
being a certainty. The reason for this is that plants pure for G have 
always been available, tetraploid mutants having appeared repeatedly 
within diploid families pure for green stigma. 

In both cases comparatively large numbers of plants are involved, 
and their distribution between the two classes can only be explained in 
one way: the chromosomes carrying G pair at random regardless of their 
origin from the same or from opposite parents. The first alternative, 
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pairing only between chromosomes from opposite parents, may be com- 
pletely disregarded, the deviation from the expected numbers being 
almost eight times the standard error. Neither is there any sign of an 
alternative intermediate between the two. 

Heterozygotes of the type Gjga give, as seen in Tables IX and X, the 
ordinary Mendelian type of segregation. 


TABLE IX. 

Oreen stigma-~red stigma. 


I'amily 

95-15 

98-15 

138-22 

112- 23 

113- 23 
100-23 
161-24 

Total 

Expected 


selfed. 

No. of 
plants 

tested Gre 
1 3 


TABLE X. 

Oreen stigma-^ed stigma. 

Gigg back-crossed. 

No. of 


172 59 

173-2 57-8 ^ 

Jif=6-6 Dev./Jfer=0-4 


Family 

plants 

tested 

Green Bed 

95-15 

1 

7 

8 

56-16 

1 

17 

18 

137-16 

1 

19 

18 

140-18 

1 

13 

. 17 

86-19 

1 

17 

17 

138-22 

1 

2 

2 

1P7-24 

1 

20 

11 

137-24 

1 

4 

4 

170-24 

1 

2 

2 

163-26 

1 

20 

17 

155-26 

1 

8 

14 

156-26 

4 

111 

84 

Total 

15 

240 

212 

Expected 

M= 

226 

ao*3 

226 
Dev./if = 


M (B-b.) 

Magenta-coloured petals in Primula wexe shown by Gregory, de 
Winton and Bateson (1923) to be due to the interaction of two genes 
B and R, both possessing the property of keeping the anthocyanin in 
solution, and making its colour respectively blue or red. B working 
together with R makes the petals magenta. The combinations Br and br 
were found to be responsible for blue and slaty colours respectively, slaty 
avmg bluish flowers with anthocyanin present in solid form. These two 
ast mentioned shades, blue and slaty j have so far not appeared among 
tetraploids. We are here, then, only concerned with B and b, all the 
plants in question being homozygous in, R. 

,. colours, magenta and red, are easily distinguishable in 

ploids, magenta being the dominant (»lour. In tetraploids the classi- 
bcation of J^’s and back-crosses f ovnageSta and red is less easy, because 
tbe class Bjbg exhibits colours varjdng fecijl 'Jnagenta to almost pure red. 

to pick out the pure reds. 


le practice 


i 


IF 
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463 


A. S. SOmme 


The cross, homozygous magenta x red, gives in plants of the geno- 
type showing a full magenta colour. Selfing and back-crossing these 


plants (see Tables XI and XII) 
TABLE XI. 

Magentor-red, , 

BabaSelfed 
No. of 
plants 

Family tested Magenta Red 

98-15 2 129 4 

114-24 2 61 1 

152-25 1 15 — 

Total 5 205 5 

Expected on a 25 : 1 basis 204-2 5-8 

Jf=2-4 I)ev./Jlf=0*3 


strikingly confirm tlie theory of an 



TABLE XIL 
Magenta-red. 
Bgbg back-crossed. 



No. of 
plants 
tested 



Family 

Magenta 

Red 

114-24 

2 

115 

16 

* 126-24 

1 

70 

18 

230-25 

1 

11 

3 

155-25 

3 

76 

11 

Total 

7 

272 

48 

Expected on a 5 : 1 basis 

266-6 

53-4 


Jf=6-7 I)ev./M=:0-8 


independent assortment of the chromosomes carrying the gene B. A 
calculation of the numbers expected on selective pairing of the chromo- 
somes has in this case not be^n undertaken, firstly because of the close 
agreement to the second alternative, and secondly because B is carried 
by the same chromosomes as S and G, both of which, in their genetic 
behaviour, show independent assortment of the chromosomes in question. 

The expected segregation in a 3 : 1 and a 1 : 1 ratio respectively from 


Bibg plants is shown in Tables 2 

TABLE XIIL 
Magenta-red. 

Bj^bg selfed. 

No. of 
plants 

Family tested Magenta Red 

55- 14 1 88 25 

56- 14 1 75 31 

104-14 1 59 10 

114- 24 1 18 8 

116-24 1 7 1 

115- 24 1 17 4 

Total 6 264 79 

Expected on a 3 : 1 basis 257 86 

M=8-0 Dev./if=0 


and XIV. 


Family 

TABLE XIV. 

MagentoHred. 

Bjbg back-crossed. 

' No. of 
plants 

tested Magenta 

Red 

56-14 

1 

15 

29 

85-15 

1 

10 

8 

56-16 

1 

18 

18 

137-16 

5 

27 

26 

86-19 

1 

10 

10 

114-24 

1 

40 

36 

116-24 

1 

14 

18 

126-24 

1 

27 

27 

127-24 

2 

41 

29 

161-24 

1 

7 

13 

230-25 

1 


11 

231-25 

1 

6 

5 

152-26 

2 

125 

106 

153-26 

1 

19 

18 

^ 156-26 

5 

80 

95 

Total 

25 

456 

449 

Expected on a 1 : 1 basis 

M'- 

453-5 453-1 

= 14-9 Dev./if = 
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Dominant white. (W--W.) 

In P. sinensis two kinds of whites are known, one due to a recessive, 
the other to a dominant gene. Only the last one has so far been found in 
the tetraploid variety. 

W acts as an inhibitor, preventing the development of colour in the 
corolla, the efiect being stronger in the peripheral parts of the petals. 
Pure white flowers can only be produced in connection with green 
stigma (G). Dominant whites with red stigma (g) possess a dark flush 
round the corolla tube, a type of flower known as '^Duchess.” The 
dominance of W is incomplete, heterozygotes with green stigmas mostly 
showing a faint tinge of colour ; with red stigma the depth of this tinge is 
considerably intensified. The effect of W is also, to some degree, dependent 
upon temperature, a lower temperature tending to deepen the colouring, 
while at a higher temperature heterozygotes as well as homozygotes show 
no trace of colour. This phenomenon is probably what is cited in every 
text-book on genetics as illustrating the ipduence of environment upon 
the phenotypical expression of a gene. 

In tetraploids the manif estatien of W is of a still more complex nature 
owing to the increased number of possible combinations between W and 
G and their allelomorphs. These Afferent genotypes may, according to 
their colouring, be arranged in an almost continuous series, ranging from 
pure white through lighter and darker shades to pure magenta or red. 

The following gives a list of the different phenotypes encountered in 

and back-crosses together with their genotypical constitution: 

Qreen stigwm (G^, G^^i, or G^gg). 

(1) Pure white. or WgWj, in both cases together with at least two 
doses of G. 

(2) Tinged white. Flowers faintly tinged with colour. Genotype either 
WgWg in connection with two or more doses of G, or and WgWi, in 
plants with three doses of g. 

Plants having the constitution G-igaWgWg show a darker tinge almost 
overlapping the next class. 

(3) Lavenders. These shades are all due to one dose of W (W^Wg), 
mostly together with two or more doses of G. They fall into two classes, 
magenta lavender and red or pink lavender, depending upon whether W 
partially inhibits a magenta or a red ground colour (see Plate XX, figs. 4 
and 6). The intensity of the colours is extremely variable; in lighter 
variants it is difficult to separate magentas and reds. 
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Three doses of red stigma in W^Wg plants give darker shades approach- 
ing a full colouring. 

Red stigma (g^). 

( 4 ) Duchess, Flowers of the type described above having a dark 
flush round the opening of the corolla tube. Genotype or possibly 
W3W1. It may be mentioned that, so far, I have never succeeded in 
obtaining a genuine ''Duchess” among tetraploids. 

( 5 ) Tinged white on a red stigma. In flowers of the constitution 
W2W2g4, the outer part of the petals is tinged, while the inner part has 
the flush characteristic of red stigma (see Plate XX, fig. 6). 

(6) Lavender on a red stigma. These plants are genotypically WiW3g4. 
They have self-coloured flowers mostly of a peculiar dull shade never met 
with in diploids (see Plate XX, fig. 7 ). Sometimes, however, they are 
difficult or impossible to separate from full colours except by breeding. 
As in class ( 3 ) the flowers may have a magenta and red shade respectively. 

In addition to these classes there will, of course, appear some full- 
coloured magenta or red flowered plants (W4). 

The difficulty of demonstrating the segregation of this gene in tetra- 
ploid plants is, obvious. The records given in the following tables are all 
from one particular year, 1925 , when special care had been taken the year 
before of making up the plants in an adequate way. Even so an 
approximately correct classification would have been an impossibihty 
had it not been for the experience obtained during the preceding years. 

The experiments were arranged in two series, one in which red stigma 
was excluded, both parents being pure for green stigma, and another 
in which one parent had red stigma while the other had a pure green 
stigma. The white varieties used all proved to have pure magenta as 
their ground colour. 

In the first case plants used for selfing and back-crossing came from 
the cross white, green stigma (W4B4G4) x red, green stigma (w4b4G4), 
all the F-^ plants being W2W2B2b2G4. In F^ and back-crosses from these 
plants the following segregation ratios would be expected: 



Whited 

tinged 

wMte 

Magenta 

lavender 

Red 

lavender 

Magenta 

Re’d 

n 

Back- cross; 

6 

20 

4 

6 

1 

30 


972 

280 

8 

35 

1 

1296 


9 


Tables XV and XVI show that the actual numbers are in good 
agreement with expectation, especially those for the back-cross 
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Adding up the classes containing W and the classes which contain only 
full-coloured plants (W4)^ we get (from Table XV) 81 whites : 18 coloured, 
which can evidently be taken to represent a 5 : 1 ratio ; expectation being 
82*5 whites : 16*5 coloured plants. In the same way Table XVI gives 
44:1 whites : 8 coloured, while 436*6 whites : 12*6 coloured would be ex- 
pected from a 35 : 1 ratio. The numbers prove beyond doubt that random 
assortment takes place between the chromosomes carrying W. 

The next series of experiments included also g for red stigma, whereby 
several new colour-shades were introduced. Crosses were made between 


TABLE XV. 
Dominant white. 


Family 

No. of 
plants 
tested 

Wliite + 
tinged 
white 

Lavender 

^ ^ 
Magenta Ked 

Magenta 

Red 

141-25 

2 

11 

25 6 

9 

' 3 

234r-25 

2 

■ 7 

32 — 

5 

1 

Total 

4 

18 

57 ^ 6 

14 

4 

Expected 


16*5 

55*0 11-0 

13-7 

2*8 


TABLE XVL 


Dominard white, 
selfed. 



No. of 

White + 

Lavender 



Family 

plants 

tested 

tinged 

white 

A 

Magenta 

Red 

Magenta 

Red 

141-25 

a 

189 

56 

2 

3 

1 

142-25 

1 

34 

6 







234r-25 

2 

128 

26 

— 

4 

— 

Total 

9 

351 

88 

2 

7 

1 

Expected 


336*9 

97*0 

2*7 

121 

0*3 


pure whites (W4B4G4) and red, red stigma (W4b4g4), all the Fi plants 
being white (or tinged white) with green stigma of the constitution 
WgWgBgbgGggg. The purpose of these experiments was to verify the 
genotype of the different shades outlined above. It was, however, soon 
realised that far bigger numbers are wanted to get the eight or ten dis- 
tinguishable classes in approximately correct proportions. The result is, 
moreover, rendered still more complicated by the linkage existing be- 
tween B and G. The experiment therefore will have to be repeated on a 
much larger scale. ^ 

The only result from these last experiments then was the observation 
^ The lavenders are to be reckoned as white” (W) plants. 
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that most of the expected classes appeared, althougli some of them were 
represented by very small numbers. An accurate analysis would of course 
include the testing of their genotypes by breeding, a procedure which 
lack of time prevented me from carr37ing out. 

Tables XVII and XVIII give the and back-cross numbers as they 
were found to be distributed between the three collective classes, white, 
lavender and full colour. The object was to check the result already 
obtained from the first series of experiments. 

TABLE XVII. 

Dominant white, 

WaW 2 B 2 b 2 G' 2 g 2 seKed. 



No. of 

White + 




plants 

tinged 



Family 

tested 

wMte 

Lavender 

Full colour 

U4-25 

4 

183 

62 

8. 

145-25 

1 

38 

10 

3 

155-25 

3 

142 

42 

4 

Total 

8 

363 

114 

15 

Expected on a 27 : 8 : 1 basis 

369-0 

109-3 

13-7 



10-0 

9-2 

3-7 


Dev./if = 

0-6 • 

0-5 

0-3 


TABLE XVIII 
Dominant white. Book-crosses, 


Crags ^ • 


Family 

144- 25 

145- 25 
155-25 

No. of 
plants 
tested 

3 

1 

2 

Tinged 

whites 

17 

4 

22 

Lavender 

33 

12 

76 

Full colour 

13 

1 

24 

Total 

6 

43 

121 

38 

Expected 

on a 1 : 4 ; 1 basis 

33-7 

134-6 

33-7 



5-3 

6-8 

6*3 



1'7 

2-0 

0-8 


The numbers obtained by selfing are seen to be in very good agreement 
with expectation. Back-cross numbers are, however, less satisfactory, 
probably due to the greater difficulty of classification met with in these 
crosses. In #2 the easier distinguishable classes are in the majority and, 
therefore, the results from adding up the different classes into the three 
here specified are more reliable. In back-crosses the intermediate over- 
lapping forms are far more abundant, making the grouping of the plants 
in these classes more difficult. 

Both in JFg and in back-crosses the ratio of whites to coloured comes 
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very near to expectation. gave, as seen from Table XVII, 477 wMtes: 
16 coloured, while from a 35 : 1 ratio, 478-3 whites : 13*7 coloured would 
be expected. Back-crosses gave 164 whites : 38 coloured against the 
expected 6 : 1 ratio of 168*3 whites : 33*7 coloured. Both crosses accord- 
ingly strongly support the conclusions already arrived at, that chromo- 
somes carrying W are distributed at random. 

Sinensis and stellata. (Gli-cli.) 

One more flower character will be mentioiied only to show the great 
range of variation sometimes met with in tetraploids, even if but one 
gene and its allelomorph are involved. Correct classification is here im- 
possible, and one could easily get the impression of more factors being at 
work had it not been for the knowledge that only one is responsible for 
the result. 

There are two kindsof flower-shape known in the diploid the 

ordinary sinensis and the star or stellata shape. In the former the petals 
have cut edges (see Plate XX, figs. 1 and 3-7) and a calyx of cylindrical 
shape with numerous teeth (see Plate XXI, fig. 2). Stellata flowers, on the 
contrary, have heart-shaped petals with a simple median notch (Plate 
XX, fig. 2), while the calyx is narrower towards the top and has only five 
teeth, corresponding to the number of petals (see Plate XXI, fig. 3). 
Further, the two forms are characterised by differences in their habit 
of inflorescence, the sinensis plants having a markedly condensed 
inflorescence compared to the tiering habit of the stellata plants. 

The difference between the two varieties is, as shown by Gregory 
(1911), monofactorial. The hybrids are slightly intermediate in flower- 
shape and more pronouncedly intermediate in habit of inflorescence. 
There is, however, in diploids no difficulty in separating pure recessives 
from dominant and intermediate classes. 

on the contrary, classification is extremely difficult. 
F 2 from the cross, pure dominant x pure recessive, will exhibit a con- 
tinuous sequence of transitional forms ranging from pure through 

all kinds of intermediates as regards petals, calyx and habit, to pure 
stellatas. This is chiefly due to the great variabihty of the heterozygotes 
of the type Gh^chg. Plants of this genotype may in phenotype even 
overlap the pure recessives, making classifying altogether uncertain. 

During the first years of my working with F, sinensis I tried very hard 
to separate the different classes, ^carefully examining both petals and 
calyx of each plant. Eventually I gave up this character as being not 
good enough for using in experiments. The only way of classifying would 
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be to test a great many plants by breeding, a procedure wbich, however, 
would require too mucli time and space. 

Table XIX gives the result of some efforts in classifying plants, 
where an attempt has been made to sort out the pure recessives on their 
phenotype alone. 

The excess of pure recessives is probably due to the overlapping of 
C\ch^ forms. It is not safe from a result hke this to draw any conclusions 
as regards the behaviour of the chromosomes carrjdng this gene. 

TABLE XIX. 

Sinensis-stellata. 



No. of 

Sinensis 4- 


Family 

plants tested 

intermediate 

Stellata 

121-24 

4 

83 

6 

150-25 

3 

254 

8 

141-25 

5 

228 

13 

142-25 

2 

41 

2 

Total 

14 

606 

29 

Expected on a 35 : 1 fatio 

6174 

17-6 


Primrose Queen^’*eye, (Q-q.) 

The only time I had the opportunity of observing the appearance of 
a tetraploid mutant was in the case of a variety ‘‘Primrose Queen” eye. 
This plant came in a diploid family (21-22) pure for dominant white, and 
for the recessive character called “Primrose Queen” eye. In an otherwise 
very uniform family the plant at once struck one as being of much coarser 
build. Chromosome counts from root tips gave 48 chromosomes, proving 
the plant to be as expected of tetraploid constitution. 

The most striking feature of this new tetraploid was its marked sterility. 
In 1922, the year of its origin, the plant failed altogether as a female, 
regardless of whether it was fertilised by own pollen or by pollen from 
other tetraploids. Used as a male in crosses with other tetraploid plants 
12 seeds were obtained ; only one of these started germinating, but the 
seedling had not enough vitahty to throw off its seed coat, and soon 
perished. With diploid plants crosses failed, as expected, altogether. The 
pollen of the new mutant is, as seen in Text-fig. 1, rather irregular, but 
in its main features not unlike the pollen of long-styled plants. Its 
germination power was not tested. 

The plant was carefully nursed and, in the spring of 1923, was large 
enough to be divided into three plants, all of which were tried both as 
males and females. This time nine seeds were obtained from selfing, none 
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of wMcli, however, germinated. Using it as a male, however, I now 
succeeded in getting three Pj plants. 

The original mutant was kept for a third year and a few more 
plants were obtained, always by using the new plant as a male. As a 
female the plant never gave any seed capable of developing. Whether 
this sterility is a general feature of new tetraploids is, so far, unknown. 
But there is no obvious reason why this case should form an exception. 
Possibly the chromosomes require some time to get used to their new 
fourfold condition. 

The Fi plants proved to be comparatively fertile, although they never 
gave large families. Extracted homozygous '' Primrose Queen eye plants 
also were moderately fertile. 


Text-fig. 3. Pollen from a “Primrose Queen” eye plant. 


The gene for “Primrose Queen” eye is of special interest, in so far as 
it aflcects different parts of the flower in a peculiar way. The “eye” of 
the Primula flower generally occupies a small area round the mouth of 
the corolla tube. The variety “Primrose Queen ” has, as seen in Plate XXI, 
fig. 1, a much larger eye, the yellow colour extending over about a third 
to a half of the petal. More remarkable is the change in form and position 
of the stigma caused by this gene; the flowers are “ homostyled ” ; as in 
long-styled flowers the anthers are found at the bottom of the corolla 
tube; the stigma, however, which in the case of long-styledness should 
appear at the opening of the tube, is short and does not protrude between 
the anthers; the stigma, too, is drawn out into a long point (see Plate XXI, 
fig. 2). Gregory (1911) found that, in diploids, homostyle plants of this 
kind are genetically long-styled. The pecuhar form and position of the 
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stigma was, in diploids, found never to be separated from the large yellow 
^ye; tbe gene for ''Primrose Queen” eye, therefore, presumably affects 
the pistil of long-styled plants. Short-styled plants with the large yellow 
eye are perfectly normal both as regards anthers and stigma. 

Tetraploid plants, homozygous for q, exhibit the same peculiarities; 
the style was found to he slightly longer in flowers of the stellata tj-pe 
(compare Plate XXI, figs. 2, 3), the stigma, however, in no case protruding 
through the anthers. 

In crossings this new tetraploid gave interesting forms unknown 
among diploids. plants from the cross "Primrose Queen” eye x 
normal eye, long-style, had, as expected, normal-eyed, long-styled flowers 
corresponding to what we get in diploids ; sometimes the stigma of 
flowers may be larger and flatter and slightly pointed, this being most 
conspicuous among the first flowers opening (see Plate XXI, fig. 8). In 
and back-crosses a new type appeared, namely, homostyled plants with 
normal eye. These plants were at once suspected to be heterozygotes of 
the type Qiqs, a theory whic!^ proved to be right (see Tables XXII and 
XXIII below). The fact, therefore, was revealed that whereas three doses 
of q are sufiS.cient to produce the peculi^ar type of pistil, four doses of q 
are necessary to give the large yellow eye as well. A homostyle normal- 
eyed flower is pictured in Plate XXI, figs. 4, 5, 7 : fig. 4 shows the normal- 
shaped eye, fig. 6 the position of the anthers, and fig. 7 the shape of the 
pistil; the style is somewhat longer than in q 4 flowers, but does not show 
above the corolla tube (compare the length of the style in figs. 6 and 8 
giving the normal long-styled type and the Q 2 q 2 type respectively). These 
heterozygotes (Qiqs) are, however, subject to a great deal of variation, 
the later flowers on the same plant very often having apparently normal 
long-styled flowers . Probably, therefore, plants exist, having nothing 

but normal flowers. 

Table XX gives the result of selfing plants of the type 02^2 * 
plants in this, as well as Table XXI, are Fi plants. 

Owing to the above-described characteristics of the hetero- 
zygotes it is here possible to distinguish three classes. The pure recessive 
class (q 4 ) comes, as seen, according to expectation. The middle class is too 
small, a result which is probably due to the above-mentioned variability 
of this type. Correspondingly the first class is somewhat too big. 

This discrepancy between expected and actual numbers is still more 
pronounced in Table XXI, which gives back-crosses from the same 
plants. 

The first class of Table XXI is, as seen, far too big, while the second 
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class, containing plants of the homostylic phenotype, is too small. The 
pure recessive class, on the other hand, agrees very well with expected 
numbers. 

Adding up classes containing one or more dominants and comparing 
them to the numbers of pure reoessives we get from selling (Table XX) 
189Q : 8q, while the expected numbers in case of random assortment of 

TABLE XX. 

“ Primrose Queen” eye. 


selfed. 




Normal eye. 

Normal eye, 
bomostyle 

“Primrose Queen” 


No, of 

long-style 

eye, homostyle 

Family 

plants tested 

(Q4 

iQx^) 

(<ii) 

111-24 

2 

6 

1 

1 

146-25 

1 

8 

2 

— 

183-25 

1 

2 

1 

— ■ 

187-25 

1 

2 

1 

— 

148-26 

2 

13 

2 


149-26 

2 

18 

12 

3 

306-26 

1 

45 

3 

— 

154-26 

4 

64 

9 

4 

Total 

14 

158 

31 

8 

Expected on a 27 : 8 : 1 basis 

,148*5 

43-0 

5-5 


M = 

6-0 

5-8 

2*3 


Bev./lf = 

1*6 

21 

1-0 



TABLE XXL 




Primrose Queen^^ eye. 



QaUa back-crossed. 





Normal eye. 

Normal eye, 
homostyle 

“ Primrose Queen ’ ’ 


No. of 

long-style 

eye, homostyle 

Family 

plants tested 

(Q2q2) 

{QiUs) 

{^) 

111-24 

2 

5 

3 

1 

146-25 

2 

14 

14 

9 

183-25 

1 

3 

3 

■ — , ■ ■ 

,187-25 . 

1 

2 

2 

1 

148-26 

2 

3 

1 

1 

149-26 

2 

16 

11 

. 4 

154-26 

3 

7 

4 

1 

Total 

13 

50 

38 

. IT 

Expected on a 1 : 4 ; 1 basis 

17-5 

70 

17-5 



3-8 

4*3 

3*8 


Dev./Jf ==: 

8-5 

7*4 

O-l 


the chromosomes would be 191*5 Q : 5*5q, a fairly good agreement. 
Back-crosses (Table XXI) are still more strikingly in accordance with 
expectation, giving 88Q : 17q, compared to 87-5Q : 17*5q, the number 
expected from a 5 : 1 ratio. One pray safely conclude that the chromo- 
somes carrying Q are distributed at random, regardless of the way in 
which they entered the plant. 
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So far five plants, fiomostyled with norxnal eye, have been tested. 
There can be no doubt about these plants being constitutionally Qi<i 3 . 

The actual numbers come very near to the expected 3 : 1 and 1 : 1 
ratios. The eight plants of Table XXIII with long-style are no doubt only 
plus-variants, although not tested, showing that Q^qg plants overlap 
towards the normal con<Jition. 

TABLE XXII. 


Primrose Queen^^ eye. 


Family 

185- 25 
184-26 

186- 26 
187-26 

No. of 

plants tested 

1 

1 

2 

1 

self ed. 

Normal eye, 
long-style 
(Q 2 U 2 ) 

16 

1 

18 

Normal eye, 
homostyle 

(Qi%) 

10 

3 

6 

12 

“Primrose Queen 
eye, homostyle 
i<h) 

5 

2 

6 

Total 

5 

35 

31 

13 

Expected on a 1 ; 2 : 1 basis 

19*8 

39-5 

19-8 


M = 

3-9 

44 

3-9 


BeY.jM = 

# 3'9 

1-5 

3-9 



TABLE XXIII. 



Primrose Queen^’ eye. 


Qi^Is back-crossed. 


Family 

185- 25 
184-26 

186- 26 
187-26 

No. of 

plants tested 

1 

1 

2 

1 

Normal eye, 
long-style 

7 

1 

Normal eye, 
homostyle 
(Qi^) 

15 

9 

8 

8 

“Primrose Queen' 
eye, homostyle 
(U 4 ) 

20 

3 

4 

17 

Total 

5 

8 

40 

44 

Expected on a 1 ; 1 basis 

0 

46 

46 



— 

48 

48 


J)eY./M= 

— 

43 

04 


Fern leaf, 

A great many different leaf shapes are known among diploid P . sinen- 
sis. So far but two of these, fern’’ and /^moss-curl,” have mutated 
to the tetraploid condition. The present paper only deal^ with the first- 
mentioned of these characters. 

In the diploid form fern leaf is, as shown by Gregory (1911) and con- 
firmed by all later experiments, a pule recessive, determined by one pair 
of genes. The cross, fern x palm (the normal leaf shape), gives normal- 

Jonrii. of Gen. xxm 
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leaved plants only, wliicli, when selfed, segregate in a straight 3 : 1 
ratio. . 

In tetraploids, on the other hand, a curious intermediate type appears 
in s and back-crosses, due to the incapability of one P to show com- 
plete dominance in the presence of three recessive allelomorphs. Gregory 
(1914:) mentions these intermediates between tlm palmate and fern leaf , 
and his notes show that he, no doubt, suspected their genotype. The 
phenomenon is the same as earlier described, especially in the case of 
''Primrose Queen'’ eye, only here the intermediate class appears to be 
more distinct. 

The cross, pure fern x pure palm, shows, as in diploids, complete 
dominance of the palmate leaf shape. In F^ and back-crosses one gets, 
however, as just mentioned, in addition to the parental types, plants 
having leaves of a curious kind of intermediate shape. These leaves are 
characterised by having extra lobes or leaflets down the stem, completely 
separated from the main part of the leaf. A great deal of variation exists re- 
garding the shape of the main leaf and the number of leaflets. Plate XXII, 
figs. 1 and S show the elongated shape of thO pure fern leaf compared with 
the broad shape of the normal palmate leaf. Underneath are pictured 
three examples of the intermediate type. Plate XXII, fig. 4 at once sug- 
gests the fern leaf, but differs from this by being much more cut up, 
showing two pairs of free leaflets. In Plate XXII, fig. 5 the main part of 
the leaf is more towards the palmate shape; a conspicuous extra lobe or 
leaflet is seen to the right. The third leaf (Plate XXII, fig. 6 ) has a com- 
plete palmate shape, only a tiny extra leaflet to the right betrays its 
genotype. The class may, in a few cases, overlap the normal class, while 
overlapping has never been found in the direction of fern leaf. Different 
leaf shapes may appear on the same plant as exhibited by Plate XXIII. 
Two leaves bending down are seen to have a very nearly palmate shape 
except for the one conspicuous extra leaflet being present in both. A 
younger leaf standing upright to the left is the same as pictured in Plate 
XXII, fig. 4. Breeding tests showed that these plants were of the ex- 
pected PiPa constitution. 

Table XXIV gives the results of selfing P.^p 2 plants. The first four 
families of the table all consist of F^ plants produced by crossing pure 
palm (P 4 ) and pure fern (P 4 ); their genotype accordingly must be P 2 P 27 
barring any chromosomal aberrations. The last two plants of the table 
were taken from an F 2 ; they both had palmate leaves with no extra 
lobes, and were found by back-crossing to be of the P 2 P 2 constitution 
(see Table XXV). 
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When scoring, three classes were recognised, plants with palmate 
leaves, plants with leaves of the intermediate type, characterised by 
having extra lobes, and plants with leaves of the fern type. The distribu- 
tion of the three classes should be in the ratio 27 : 8 : 1. The actual 
numbers are, as seen, in good agreement with their expectation; the fern 
class comes exactly righj while the palm class is shghtly too large and 
the extra lobe class slightly too small; this no doubt is due to the over- 
lapping of the last-mentioned class towards the palm class. Comparing 
fern plants to not-fern plants we should expect a 35 : 1 ratio. We get 

TABLE XXIV. 


Palm leaf-fern leaf 


Family 

182--21 
141-25 
’ 142-25 
166-25 
130-25 

No. of 

plants tested 

1 

1 

1 

4 

2 

P 2 P 2 selfed. 

Palm 

6 

26 

28 

148 

85 

Extra lobes 

1 

9 

36 

28 

Fern 

1 

1 

3 

4 

1 

Total 

9 

293 

74 

10 

Expected on a 27 : 8 : 1 basis 282-7 

83*8 

10-5 


M= 

8-4 ^ 

7-9 

3-2 


Dev,/if = 

1-2 

1-2 

0-1 


TABLE XXV. 


Palm leaf-fern leaf 



P 2 P 2 back-crossed. 




No. of 




Family 

plants tested 

Palm 

Extra lobes 

Fern 

182-21 

1 

10 

8 

5 

166-25 

3 

7 

16 

4- 

130-25 

2 

10 

26 

9 

Total 

6 

27 

49 

18 

Expected on a 1:4: 1 basis 

15-7 

62*6 

15-7 



3-6 

3-8 

3-6 


Bev./if = 

31 

3-6 

0-6 


367 palms -j- extra lobes to 10 ferns or a ratio of 35’05 : 0*95, Ckromo- 
somes carrying P are accordingly distributed at random. 

The result from back-crossing these P 2 P 2 given in Table 

XXV, Numbers are rather small but agree with the conclusion arrived 
at above. Again the palm class is too big, while the fern class comes very 
near to expectation. Adding up we get 76 palms -1- extra lobes to 18 
ferns, giving a ratio of 4*2 : 1, instead the expected 5 : 1 ratio; numbers 
are, however, too small for expecting a closer agreement. 


31-2 
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A series of plants showing tlie intermediate types was tested partly 
by selfing, partly by back-crossing to fern. Every plant tested proved to 
be of the constitution. The results of these experiments are set out 
in Tables XXVI and XX VIL 

Numbers came fairly close to expectation and exhibit the same 
peculiarity as met with above, namely the appearance of too many palm 

TABLE XXVL 
Palm leaf-fern leaf , 


FiPg selfed. 

No. of 


Family 

plants tested 

Palm 

Extra lobes 

Pern 

112-23 

2 

4 

8 

1 

113-23 

1 

2 

2 

2 

114-23 

2 

3 

2 

2 

115-23 

1 

11 

23 

1 

118-23 

1 

1 

3 

3 

153-24 

1 

9 

10 

4 

130-25 

3 

32 

38 

31 

145-25 

1 

12 

26 

14 

154-26 

3 

18 

37 

18 

Total 

15 

92 

149 

76 

Expected on a 1 : 2 : 1 basis 

79*3 

168-5 

79-3 



7-7 

8-9 

7-7 


Dev./iU = 

1*6 

1-1 

0-4 


TABLE XXVII. 
Palm leaf-fern leaf. 
PiPa back-crossed. 


No. of 


Family 

plants tested 

Palm 

Extra lobes 

Pern 

112-23 

2 

1 

8 

2 

113-23 

1 

2 

1 

3 

114-23 

1 



5 

2 

116-23 

1 

3 

28 

26 

153-24 

1 



18 

12 

130-26 

3 

_ 

32 

46 

146-25 

1 

— 

9 

10 

Total 

10 

6 

101 

100 

Expected on a 1 : 1 basis 



103-1 

103-1 


JU = 

— . , 

7-2 

7-2 


Bev./lf = 


0-3 

0-5 


plants. Back-crosses are here of particular interest, for they gave in 
addition to the^expected classes six plants having palm leaves. One may 
safely conclude that these plants are of the P1P3 genotype, as other geno- 
types are excluded by the type of the cross. The only other way of ex- 
plaining these six plants would be by assuming non-disjunction or some 
other kind of chromosomal disturbance. It is, however, more natural 
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and. more in agreement with the above to regard them as overlapping 
P1P3 plants. Unfortunately their genetical constitutions were not tested 
by breeding. 

Summing up, the experiments given above show that at least six 
different genes are distributed at random. The seventh gene investigated, 
that for sinensis flower (Gh), wants further examination, owing to the 
overlapping tendencies of its heterozygotes. Three of the genes (S^, B 
and G) are linked and, therefore, belong to the same group of chromo- 
somes. The experiments accordingly show that the chromosomes of at 
least four of the twelve groups, each containing four homologous chro- 
mosomes, are distributed at random, thus proving that homologous 
chromosomes coming from the same parent conjugate as easily as those 
coming from opposite parents. 

Linkag-e in tetraploibs. 

In the ordinary diploid variety of P. sinensis two linkage groups have 
so far been recognised. One (iff these containing in diploids at least four 
genes, is at present known also in the tetraploid form, the group here, 
however, so far containing only three genes. The monofactorial distribu- 
tion of these genes has been described above; in the following their 
inter-relationship, as brought out by the experiments, will be given. To 
my knowledge this is the first time linkage has been described in a tetra- 
ploid form. The genes involved are those for short-style (S) versus long- 
style (s), magenta flower colour (B) versus red colour (b), and green stigma 
(G) versus red stigma (g). It has already been shown that in tetraploids, 
as in diploids, S and G show complete dominance, whereas B in tetra- 
ploids, when present only in a single dose (Bibg), shows incomplete domin- 
ance, giving flowers of a reddish shade. It has further been demonstrated 
that all three genes, when present in double doses (AgUg), give a clear 35 : 1 
ratio from selfing and a 6 : 1 ratio from back-crosses, thus proving a 
random assortment of the four homologous chromosomes carrying these 
genes. 

Several questions at once present themselves in connection with the 
problem of linkage. Firstly, is the crossing-over percentage unchanged 
in the tetraploid variety, or is the linkage in tetraploid® of a different 
strength from that found in diploids? Secondly, the question arises 
whether crossing-over will take place equally well between any two of the 
four homologous chromosomes. From tie monofactorial distribution of 
the genes we know that the four chromosomes in question pair at random, 
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that is, pairing takes place equally well between chromosomes from 
opposite as between those from same parent; but it does not follow that 
crossing-over takes place according to the same rule. These are some of 
the questions which the following experiments try to answer. 

Linkage in tetraploids of the kind here described will be of a far more 
complicated nature than in the diploids from^^wHch they arose. Even 
when considering two pairs of the genes only, a great many possibilities 
exist as regards their distribution among the four homologous chromo- 
somes. Calling the dominant genes A and B, their recessive allelomorphs 
a and h respectively, the following scheme shows the manifold ways in 
which these genes, when present in one or two doses, may enter a plant. 
In every case the chromosomes coming from one parent are written above 
the line, those coming from the other parent below the Hne: 


Case I. Pour dominant genes; 

( 1 ) 

( 2 ) 

( 3 ) 


AB 

AB 

AB ab 

ab 

ab ’ 

AB ab 

AB 

Ab 

AB ab 

aB 

ab ’ 

Ab aB’ 

Ab 

Ab 

aB 

aB 

aB’ 


dominant 

genes; 


£B aB 
Ab ^ 


B 2 b2 


( 1 ) 

( 2 ) 

( 3 ) 

(4) 


AB Ab 
ab ab’ 
Ab Ab 
aB ab ’ 
ABaB 
ab ab ’ 

aB ab ’ 


AB ab ^ 
Ab ab 

Ab ab 
AB^^i 
aB ab 
^aB 
ab aB 


B^bg 


B 2 b2 


Case IIL Two dominant genes: 

ab ab 

^ ^ Ab aB 
aB ab’ ab ab 


( 1 ) 

( 2 ) 


A^ag 

Bj bg 


In each case the formation of gametes takes place in one characteristic 
ratio for each configuration. I have not thought it necessary to give 
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the gametes possible in each separate case, but have only considered 
those arrangements which are present in the experiments. 

When studying linkage in tetraploids, it is obviously of the greatest 
importance to know accurately in what way the genes involved entered 
the plant. Even with known parentage, however, the constitution of a 
plant is not always easily predicted. Any configuration, for instance, in 
which the chromosomes Ab and aB came from one parent, cannot be 
predicted with certainty because of the possibility of crossing-over in the 
parent plant. In the following experiments no plant has been used unless 
the genotype of its parents was well known and, as far as possible, only 
plants made up by certain crossings have been considered, viz. crossings 
which made it possible to know for certain the arrangement of the genes 
in the daughter plants. 

In discussing the results given in the tables below I have preferred to 
measure the strength of the linkage in terms of the gametic ratio, instead 
of using the percentage of cross-over plants. The reason for this is that 
most' of the classes appearing in and back-crosses will contain both 
cross-over and non-cross-over> plants; as will soon be evident it is in cases 
like this easier to calculate the expected number by means of the gametic 
ratio. In diploids the linkage existing^between the three pairs of genes 
here studied, according to Gregory, de Winton and Bateson (1923), are: 

S-B, $ 12-2 : 1 or 7*5 per cent., cJ 7 : 1 or 12*5 per cent. 

S~B, ? 12*2: lor 7*5 „ c? 7:lorl2*6 „ 

S-G, $ 2: lor 33*3 „ 1*5 : 1 or 40 „ 

B-G, $ 2*2 : 1 or 31*3 „ 1*9 : 1 or 34*6 „ 


the order of the genes being S-B-G. 

In the following the chromosomes coming from the mother are always 
written above the line, those coming from the father below the line, or 
conversely. 

Case I. 

(3) Four dominants. 

^ \ aB aB 


The gametes formed by plants of this constitution are found by con- 
sidering every possible arrangement of the four chromosomes in question 
during the maturation of the germ cells. Giving the geqes involved the 
indexes 1 and 2, one sees that theoretically the chromosomes may" pair 
in three different ways: 


aiBiaaB,’ ^ ^ a^B^aiBi’ 


( 3 ) 


■^ 1^1 

A2b2 ^2^2 
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In the first two of these arrangements, which are virtually alike, 
pairing takes place between chromosomes from opposite parents, whereas 
the third of these arrangements represents pairing between chromosomes 
from the same parent. In (1) and (2) the gametes may be found by 
using the ordinary chess-board method, the gamete formation here 
paralleling the formation of zygotes from a selfed diploid plant of the 
Ab 

constitution -g . If the linkage is represented by the ratio x : 1 we get 
the gametes: 



AB 

xAb 

xaB 

ab 

AB I 

AB 

xAB 

xAJB 

AB 

crAn 1 

a;AB 

ar^Ab 

x'^AB 

xAb 

xsiB 

xAB 


x^aB 

xaB 

ab 

AB 

xAb 

xaB 

ab 


i.e, {2x^ 4- 4:X + 3) AB -f + 2a;) Ab + -f 2a;) aB + ab/ 


the total amount of gametes being 4a;^ + So? 4- 4. 

Case I (3), or pairing between chromosomes from the samepareht, gives 
nothing but AB gametes, crossing-over if such takes place making no 
difference to the final result. Since the chance for this kind of pairing is 
only half as big as the chance of pairing between chromosomes from oppo- 
site parents, we shall have to add (2x^ 4- 4a; 4* 2) AB gametes, the total 
amount of gametes being represented by 


(4a;2 + 8a; + 5) AB + {x^ 4- 2a;) Ab + (o;^ + 2a;) aB 4- ab. 

The ab class here represents the only pure cross-over class. In any of 
the first three classes of gametes the dominant genes may be present in 
single or double dose. 

From the preceding it follows that breeding from plants of this con- 
stitution will throw light upon questions concerning crossing-over between 
chromosomes coming from opposite parents. It is, on the other hand, 
an advantage that cross-overs between chromosomes coming from the 
same parent are in this case not recognisable; these phenomena may, as 
seen, be studied from other genotypes. 

plants of this type have been made only once by crossing plants 
homozygous for red flower colour and green stigma (b 4 G 4 ) with plants 
of the genotype Bgbjg^. The Fj plants were accordingly of two kinds, 

In this connection the former only of these types 


bGbG .bqbG 
BgBg^^^Bgbi* 
is of interest, the latter will be dealt with later on. Numbers from back- 


^ For brevity tbe complete formula of each, gamete is not given, but only its ‘'‘pheno- 
typical expression.” 
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crossing three plants all used as females are given in Table XXVIII. 
There is a shortness of red-flowered plants, the proportion of magentas 
to reds being 8*2 : 1 instead of 5 :1. In calculating the expected numbers, 
therefore, magentas and reds have been treated separately. 

The linkage B-G in diploids is, as mentioned above, on the female 
side given by the gametic ratio 2*2 : 1. Introducing this value into the 
formula given above, we should expect the distribution of the classes to 
be 41*9 BG + 9*2 Bg -h 9*2 bG + bg. The expected numbers calculated 
on this basis are, as seen, in perfect agreement to the numbers actually 
obtained. As regards chromosomes originating from opposite parents, 
the strength of the linkage between magenta flower colour and green 
stigma is apparently unchanged, crossing-over taking place at the same 
rate as in diploids. 

Even with an agreement as strikingly pronounced as the one shown 
in Table XXVIII one has, however, to be careful about arriving at too 


TABLE XXVIIL 


Case I (3»). Female back-crosses. 


No. of 

Eamily plants tested 
114-24 3 

Expected on a 2*2 : 1 basis 
M = 
Dev./if = 


Bg Bg , 
bG bG 



BG 

Bg 

bG 

bg 

106 

22 

14 

2 

104-9 

23-1 

144 

1-6 

9-4 

’ 4-4 

3-6 

1-3 

01 

0-2 

0-1 

0-3 


definite conclusions. By applying different linkage values one will soon 
see that even big departures from the value found in diploids will not 
noticeably change the size of the first classes. As regards the double re- 
cessive class, the only pure cross-over class, the actual numbers obtained 
in this experiment are too small for definite conclusions. A few examples 
will perhaps elucidate this. Let us first consider a possible strengthening 
of linkage. If, for instance, the linkage has changed from 2*2 : 1 to 6:1 
(or from 31 to 17 per cent.) the distribution of the classes would be 
146BG + 35Bg + 35bG + bg or, for the present case, 

103*1 BG-f24*9Bg+ 15*6bG + 0*4bg, , 

numbers which do not disagree with the ones actually obtatned. A change 
of the linkage in the other direction, a weakening of the linkage, would 
be equally diflicult to trace, even a cross-over percentage of 60 still 
being within the limits of probability. The expected numbers would, in 
this case, be 108*8Bg -j- 19*2Bg -f 12bG -f 4bg. The object of this 
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discussion is to emphasise how cautious one has to be, and the difficulties 
one meets when dealing with material like the present. The numbers 
given in Table XXVIII are far too small for a definite settlement of 
the question. One can only say that the actual numbers agree closely 
with the expected ones, calculated on the basis that crossing-over takes 
place at the same rate as in diploids between chromosomes coming from 
opposite parents. From this, however, one cannot infer that the linkage 
value is identical. 

CaselL 

(1) . Three dominants. 

The gametes theoretically formed by plants of this genotype may be 
found by means of the chess-board method, as described in the foregoing 
case, or simply by the following reasoning: 

Pairing between chromosomes from opposite parents will result in the 
formation of the following gametes: 

Non-cross-overs: 2AB ~h Ab -f- ab, 

Cross-overs: AB -H 2Ab -f aB. 

If the linkage is represented by the gametic ratio x : 1 the total amount 
of gametes formed by this arrangement of the chromosomes will equal 

cr (2AB + Ab -p ab) -1- (AB + 2A^ 

= (2^ “t* 1) AB -f- (3/ -{- 2) AJb aB -|- fl?ab, 

the total sum of gametes formed being ix + L Here the aB class re- 
presents the only pure cross-over class, while the double recessive class 
ab is a pure non-cross-over class. 

In addition to these, gametes are also formed by pairing between 
chromosomes coming from the same parent. This arrangement will give 
nothing but AB and Ab gametes; crossing-over, if such takes place, will 
have no influence upon the final result. This kind of pairing takes pluce 
only half as many times as that between chromosomes from opposite 
parents, the total numbers which have to be added therefore being 
(a; -f 1) AB + {« + 1) Ab. 

Altogether the gametes formed by plants of this genotype will be 
+ 2) AB + {2x -h 3) Ab + aB -1- a;ab. 

As in the foregoing case, plants of this constitution are excellently 
suited for studying linkage and cross-over phenomena between chromo- 
somes coming from opposite parents, while no information can be ob- 
tained on crossing-over between chromosomes from the same parent. 
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Some of the experiments related below include selfing as well as back- 
crossing of these plants. A few words, therefore, must be said as to the 
forming of zygotes from selfed plants. As mentioned above, the diploid 
Primula showed a difference in strength of linkage between the male and 
female sides. Supposing that the hnkage is expressed by the gametic 
ratio a: : 1 on the female side and y : 1 on the male side, the zygotes 
formed by selfing may be calculated from the formula: 

(27a:2/ -I- 26a: -H 264/ -h 26) AB 
+ {8xy -)- 9a3 -f 94/ -|- 9) Ab 
+ (« + 2 /+ 1) aB 
-f xy ab. 

Turning to the experiments themselves three different arrangements 
of the genes B, S and G have been studied. 

!bs bs 

1. . Thiscombinationof genes was obtained by crossing plants 

150 JbiS 

homozygous for red flower colour and long-style with plants homozygous 
for magenta and having only one dose of the gene for short-style 
(b4S4 X B4S1S3), Obviously every plant from this cross showing short- 
style must be of the above genotype. 

Back-crosses were made both ways, and the results of these are given 
in Tables XXIX and XXX. Oaloulatiom of the .expected numbers is 
based upon the gametic ratios found in diploids respectively on the male 
and female sides. 

TABLE XXIX. 


Case II (1). Female bach-crosses. 


No. of 

Family plants tested 

bs bs 
:i^BS 

BS 

X b4S4. 

Bs 

bS 

bs 

114-24 3 

97 

51 

1 

18 

Expected on a 12*2 : 1 basis 

86-6 

61-4 

14 

17-6 


60 

6-0 

M 

h 

I)ev./if = 

1-7 

1-7 

04 

04 


TABLE XXX. 




Case II (1). Male bach-crosses. 


15484 ^Bs Bs* 


No. of 



bS 

bs 

Family plants tested 

BS 

Bs 

114-24 2 

28 

14 

1 


Expected on a 7 : 1 basis 

23*9 * 

3-5 

17*7 

34 

M 

1-0 

.■■■■^■7*3; 

■ 24' 

Dev.lM ~ 

1-2 

M 

1-0 

0*01 
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There is, as seen, a strong agreement between expected and actual 
numbers in both cases. As before (case I (3)), one cannot safely conclude, 
from this, that the linkage value is unchanged. Looking, however, 
upon the two last classes of the table, which according to the formula 
should give the actual gametic ratio, the maintenance of the diploid 
values seems to be strongly indicated as regards the difference between 
the female and male sides; the tables show a stronger linkage on the 
female side corresponding to what we find in diploids. 

GrB Grb 

2. . This genotype was made by crossing pure double reces- 

sives {§^ 4 ) with plants homozygous in green stigma, and carrying one or 
more doses of red flower colour. The plants tested all proved to have 
only one dose of B, and must accordingly be of the above constitution. 
The double recessives were used in the making of the plants, partly as 
males, partly as females; in the tables, therefore, the formula means that 
the genes above the line came from one parent, those below the line from 
the other. 

The result of back-crossing on the mafe and female sides is given in 
Tables XXXI and XXXIL 

TABLE XXXL 


Case 11 (1). Female back-crosses. 


Family 

82-15 

152-26 

No. of 

plants tested 

1 

2 

GBGb 
gh g^b 

GB 

8 

84 

x&A. 

Gb 

6 

58 

1 

5 

gb 

3 

16 

Total 

3 

92 


6 

19 

Expected on a 2-2 : 1 basis 

8M 

69*8 

9-4 

20-7 



6-7 

6-5 

3-3 

4'4 


Bev./iU = 

1'6 

0-9 

1-0 

0-4 



TABLE XXXII. 




Case II (i), Male hack-crosses. 


Family ^ 

56-14 

85-15 

152-26 

No. of 

plants tested 

1 ■ 

1 

GB 

12 

10 

36 

GB Gb 
gb gb * 

Gb 

20 

8 

28 

gB 

3 

gb 

9 

Total 


58 


56 

■■",'4' v,:v,;v 

15 

Expected on a 1*9 : 1 basis 

58-9 


52-0 

7-6 

14*5 



5*7 


5-6 

2*7 

3*6 


'Der.lM = 

0*2 


0-7 

1-2 

0-1 
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The actual numbers obtained show a good agreement with the cal- 
culated numbers, a fact which points strongly to an unchanged linkage, 
although the numbers are too small for definitely setthng this question; 
but even small changes in the gametic ratio will in this case make a per- 
ceptible difierence in the class frequencies. As seen, a small difference 
exists in diploids between the linkage on the male and female sides; but 
to settle the question of whether this difference has been maintained in 
tetraploids a far greater number of back-crosses is required. 

The conclusion that the linkage is the same in tetraploids as in 
diploids is strongly supported by the result obtained from selfing. 


TABLE XXXIII. 


Case II (1). Selfed plants. 


gh gh 


No. of 


Family 

plants tested 

GB 

Gb 

gB 

gJb 

55-14 

2 

84 

23 

4 

2 

56-14 

3 

72 

30 

2 

1 

104-14 

2 

57 ■ 

10 

— 

2 

152-26 

1 

23 

8 

i 

1 

Total 

8 

236 

^ 71 

7 

6 

Expected 


232-0 

75-0 

7-1 

5-9 


M= 

8-0 

^•6 

2-6 

2-4 


Dev.lM = 

0-5 

0-5 

0-04 

0-04 


The number of plants is here fairly high and, as seen, in striking 
agreement with expectation. 

GrS Gs 

3. — . Plants of this constitution partly resulted from the same 

gs gs 

crossings as those just described, the plants homozygous in green stigma 
also carrying one dose of short-style. The plants tested, therefore, are 
mostly the same as those given in Tables XXXI, XXXII and XXXIII. 

The linkage found in diploids between G and S is, as the GB linkage, 
not very strong, a small difierence existing between the male and female 
sides. Tables XXXIV and XXXV show that a similar low linkage exists 
in tetraploids. 

Here again the agreement with expected numbers strongly favours 
the theory of an unchanged linkage value. The results of selfipg the same 
plants (Table XXXVI) point in the same direction. ^ 

The agreement between actual and expected numbers is very striking. 

Altogether the three cases of the genotype 11(1) here studied all 
prove that crossing-over does take pl^e in tetraploids between chromo- 
somes coming from opposite parents; otherwise the aB class could not 
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TABLE XXXIV. 

Case II (1). Female hack-crosses. 


Family 

?Cl3 

88vl5 

152-26 

No, of 

plants tested 

2 

1 

. 2 

GSGs 

gs 

GS 

17 

8 

84 

Xg4S4. 

Gs 

16 

6 

58 

gS 

1 

'2 

4 

gs 

7 

2 

17 

Total 

5 

109 

80 

7 

26 

Expected on a 2 : 1 basis 

98-7 

86-3 

12*3 

'24*7 


ikr= 

7*4 

6-5 

3*4 

4*7 


Dev./lf= 1-4 0-9 

TABLE XXXV. 

Case II (1). Male hack-crosses. 

GSGs 
^ gs gs n 

No. of 

1*6 

0*3 

Family 

plants tested 

GS 

Gs 

gs 

gs 

56-14 

1 

12 ^ 

20 

5 

7 

86-15 

1 

8 

9 

— 

i — 

152-26 

2 

35“ 

39 

1 

6 

Total 

4 . 

55 

68 

6 

13 

Expected on a 1*6 : 1 basis 

62*9 

64-8 

8*1 

16*2 



5*8 

5-9 

2-8 

3-8 


Dev./ilf= 0-4 0-5 

TABLE XXXYL 

Case II (1). Selfed plants. 

GSGs ^ 

— — -selfed. 
gs gs 

No. of 

0*7 

0*8 

Family 

plants tested 

GS 

Gs 

gs 

gs 

72-13 

3 

28 

4 

— ■ 

' ■■ ■ — 

39-14 

3 

13 

5 

■ 


55-14 

2 

101 

41 

3 

3 

56-14 

4 

148 

38 

2 

4 

104-14 - 

4 

106 

30 

1 

2 

79??i-16 

, 1 

21 

8 


' 

85-15 . 

2 

21 

10 



152-26 


23 

^ ' 



Total 

20 

461 

144 


10 

Expected 


456-1 

^ 148*6 

10*4 

6-9 


11-0 

10-6 

3-4 

2*6 


Dev./if = 

0-4 

0-4 

1*0 

1-2 
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appear at all. Further, the distribution of the plants between the four 
classes makes it very likely that the percentage of crossing-over between 
these same chromosomes is the same in tetraploids as in diploids; this 
was particularly found to be the case for the linkages B-G and B-S. 


Case 11. 


( 2 ) 


^Ah 

aB ab * 


Three dominants. 


The gametes formed by plants of this genotype are in a way reciprocal 
to the gametes formed in case II (1); the frequencies of the cross-over 
classes correspond to the non-cross-overs of the foregoing case and vice 
versa. 

Pairing between chromosomes from opposite parents gives the fol- 
lowing gametes : 

Non-cross-overs: AB -f- 2Ab -f- aB, 

^ Cross-overs: 2AB -f Ab -{- ab. 


If, as before, the linkage is represented by the gametic ratio cr : 1, we 
get from this kind of pairing the gametes 


jr (AB -f 2Ab + aB) + (2AB -f Ab -f"ab) 

= {x + 2) AB -k {2x + 1) Ab -1- xsiB + ab. 

Again, pairing between chromosomes from same parents will result in 
the gametes {x -f 1) AB -f (a? + 1) Ab, crossing-over, if such takes place, 
having no effect upon the final result. 

The total amount of gametes formed in case II (2) is then expressed 

(2a? -{- 3) AB -{- (3a; + 2) Ab + £raB -h ab. 

Comparing this with the gametes formed in case II (1), we see that the 
only difference is that the frequencies of the classes AB and aB have 
been exchanged, and likewise the frequencies of the classes aB and ab. 

Two different gene combinations of this t 3 ^e are present in the 
experiments. 

1. This genotype was obtained only once from a cross made 

by Gregory in 1914 between a plant homozygous in magenta flower colour 
and red stigma (B^g^) and a plant homozygous in red flower colour and 
carrying only one dose of the gene G (b^Gj^g^). Plants from this cross 
having green stigma accordingly must Be of the above type. Three plants 
from this cross were selfed, the results of which are given in Table XXXVII. 
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TABLE XXXVII. 

Case II (2). Selfecl plants. 


BgBg 

hGhg 


selfed. 


No. of 


Family 

plants tested 

BG 

Bg * 

hG 

hg 

95-15 

3 

94 

40 

3 

1 

Expected 


100-1 

34-1 

3-4 

0-4 


5-3 

5-1 

1-8 

0*6 


Bev./Jf = 

1-2 

1-2 

0*2 

1-0 


There is a fairly good agreement between actual and expected num- 
bers, supporting the theory that cross-over values between chromosomes 
from opposite parents in tetraploids are very near those found in diploids. 
Gs Gs 

2. - g — . Back-crosses and selfing of plants of this type have been 

made on a larger scale than those earher described. The plants tested 
were made in the years 1922, 1923 and 1924 through crossings both ways 
between plants homozygous for red stigma^^and carrying one dose of short- 
style (g 4 SiS 3 ) and plants homozygous for green stigma and long-style 

(<^4S4). 

Female back-crosses are shpwn in Table XXXVIII, the results being, 
on the whole, slightly disappointing. . 


TABLE XXXVIIL 

Case II (2). Female haeh-crosses. 

GsGs 
gS gs ^ 

No, of 


Family 

plants tested 

GS 

Gs 

gs 

gs 

102-23 

'' ."'4 

66 

89 

10 

14 

103-23 

1 

26 

26 

8 

1 

105-23 

1 

17 

18 

3 

3 

114-24 

4 

121 

86 

27 

15 

116-24 

1 

8 

10 

2 

2 

144-25 

3 

37 

27 

4 

5 

145-26 

1 

6 

12 

2 

1 

160-25 

4 

105 

105 

26 

19 

A 55~25'v.' 

3 

46 

59 

17 

8 

Total 


432 

432 

99 

68 

Expected on 

L a 2 ; 1 basis 

400-9 

458-2 

114-6 

57-3 



15-6 

16-9 

10-1 

7*4 


Bev,/lf = 

2-0 

1-6 

1-5 

1-4 

Expected on a 1*5 : 1 basis 

412*4 ^ 

446-8 

103-1 

68-7 


M = 

15-7 

15-9 

9-6 

8-0 


Dev./Jtf= 

1-2 

0-9 

0-4 

0-08 
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Although the numbers are comparatively high and the monofactorial 
distribution comes very near the expected ratios 5 : 1 and 1 : 1, 

(G : g = 864 : 167, S : s = 531 : 600), 
the agreement with expectation calculated on the basis of female 
hnkage in diploids is not quite satisfactory. It is true that the deviations 
are less than three times the standard error, but even so the actual 
numbers seem to suggest a weakening of the Hnkage. Expected numbers, 
therefore, were calculated on a 1-5 : 1 basis, the gametic ratio found in 
diploids on the male side. The agreement between these numbers and 
those actually found is, as seen, striking. Whether this phenomenon is 
of real significance is difficult to decide. Probably small variations in 
l in k age values appear here as in other material; in view of the result 
given in Table XXXIV this is the more probable explanation. The 
numbers, however, are of importance in showing that a low Hnkage exists 
on the female side corresponding to what is foxmd in diploids. 

The male back-crosses (Table XXXIX) are more satisfactory. 


gs 

1 

3 

2 


Total 5 

35 

39 

10 

6 

Expected on a T5 : 1 basis 

36 

39 

9 

6 

M = 

4-6 

4-7 

3-0 

2*4 

jyQy,IM = 

0-2 

0-0 

0-3 

0-0 


Although the numbers here are smaU, there is a perfect agreement with 
what would be expected supposing that the Hnkage is the same as in 
diploids. 

Selfing of the same plants further supports this theory (Table XL), 
a striking agreement existing between expected and actual numbers. 

Summing up, the experiments covering different combinations of 
case III all show that crossing-over takes place between chromosomes 
coming from opposite parents, and that the percentage of crossing-over 
is probably for these genes the same as in diploids. 

Case III. 

(1) Two dominants, 

ab ab 


TABLE XXXIX. 

Case II (2). Male hack-crosses. 

GsGs 

S4,S4^-ZS —i 

gS gs 


No. of 


Family 

plants tested 

GS 

Gs 

.gs 

102-23 

3 

12 

13 

3 

105-23 

1 

6 

15 

2 

114-24 

1 

17 

11 

5 
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This arrangement of the genes is of great interest, because of the 
opportunity it offers of getting an answer to the question whether cross- 
ing-over takes place also between chromosomes coming from same parent. 
The experiments just related proved that an interchange of genes takes 
place between chromosomes coming from opposite parents, whereas they 
could tell nothing with regard to chromosomes coming from the same 
parent; as already repeatedly mentioned, crossing-over, if such takes 
place, will in the previous cases have no effect upon the final result. 

Three alternatives present themselves ; 

1. Crossing-over takes place between chromosomes from same parent 
as well as between those from opposite parents and with equal frequency. 

2. Grossing-over takes place only between chromosomes .from op- 
posite parents. No interchange between chromosomes from same parent. 


TABLE XL. 

Case II (2). Selfed plants. 


Gs Gs 
gS gs 

No. of 


Pamily 

plants tested 

GS 

102-23 

1 

51 ^ 

114-24 

4 

89 

116-24 

1 

-4 

144-25 

3 

162 

145-25 

Jr 

38 

150-25 

4 

250 

155-25 

3 

159 

Total 

17 

753 

Expected 


732*5 


■ M = 

14*4 


Dev./M = 

0*7 


r< 


Gs 

gs 

gs 

13 

3 

— 

39 

2 

— 

4 

— 

— 

50 

1 

1 

12 

1 


76 

9 

3 

36 

6 

— 

230 

22 

4 

248*5 

24*3 

3*7 

13*7 

4*9 

2*0 

1*4 

0*5 

0*2 


3 . Crossing-over takes place between chromosomes coming from same 
parent, but at a different rate (linkage stronger or weaker) from that 
between chromosomes from opposite parents. 

Between the four homologous chromosomes in question three different 
pairings will take place with equal frequency. The first alternative, 
crossing-over between any two of the four chromosomes, will from each 
of these pairings give the same gametes, namely xAB + Ab + aB + xah, 
X : 1 representing the gametic ratio found in diploids. 

The second alternative, no crossing-over between chromosome coming 
from same parents, will, from two of the possible pairings, namely 
those between chromosomes from opposite parents, give these same 
gametes, while the third pairing, between chromosomes from same 
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parent, give only two kinds of gametes, the crossing-over classes missing. 

The results will be as follows : 


( 1 ) 

( 2 ) 

(3) 


xKB + 
xKB + 
{x + 1) AB 4- 


Ab + 
Ab + 


aB 4- 
aB 4 

+ 


a:ab 
xah 
{x -i- 1) ab 


(SfX 4" 1') AB 4“ 2Ab 4’ 2aB 4 (Sic 4 1) ub 

This result will, in practice, give the impression of an increase in 
strength of linkage between the two genes as compared to diploids. 

The third alternative, finally, will result in a gametic ratio depending 
upon the percentage of crossing-over between chromosomes from same 
parent. If the percentage of crossing-over is lower we get an apparent 
strengthening of the linkage, if it is higher we get an apparent weakening. 

Only one genotype of this kind has so far been available: 

^ Plants of this type originated partly from crossings between 

plants carrying the two dominant genes and pure recessive plants, partly 
as offspring from selfed plants. In this last case their genotype has been 
ascertained only from what tiey gave when back-crossed. 

Female back-crosses are given in Table XLI. The numbers expected, 

TABLE XU. 

Case III (1). Female back-crosses\ 


BSbs ^ 


No. of 


Family 

plants tested 

BS 

Bs 

bS 

bs 

85-15 

1 

9 

— 

1 

8 

69-16 

1 

3 

— 


2 

137-16 

2 

10 

2 

— 

8 

86-19 

1 

10 

— 

— ■ ' 

10 

114-24 

1 

39 

1 

2 

34 

152-26 

2 

83 

6 

5 

69 

153-26 

1 

9 

— 

, — 

8 

156-26 

4 

78 

6 

7 . 

85 

Total 

13 

241 

15 

15 

224 

Expected alternative (1) 

236*6 

19*4 

18*1 

220*9 



IM 

4*3 

4*2 

IM 


Dev./iU = 

0*4 

1*0 

0*7 

0*3 

Expected alternative (2) 

243*1 

12*9 

12*1 

226-9 


„ M = 

11*1 

3*9 

3*4 

11 *1 


lym.lM — 

0*2 

0*5 

0*9 

0*3 


according to the two first alternatives, together with their standard errors, 
are given. Because of the deficiency o^reds and long-styles the calculation 
was made separately for magentas and reds. 


32-2 
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As will be seen, it is not possible from these results to choose definitely 
between the two alternatives. The actual numbers agree about equally 
well with both alternatives, as appears from the ratio, deviation to 
standard error, in both cases. In diploids the amount of cross-overs 
between B and S is, on the female side, 7-5 per cent. In the case of alter- 
native (2) there should be only about 5 per cent, of cross-overs. If we 
now calculate the percentage of cross-overs from the actual numbers we 
find 6*1 per cent., that is, a value intermediate between the two. This 
might indicate that crossing-over takes place also between chromosomes 
coming from same parent, but not so frequently as between those coming 
from opposite parents; the third alternative then would be the correct 
one. Apparently, however, a far greater number is required for definitely 
settling which alternative gives the correct solution. 

Turning to the male back-crosses we meet with the same difficulties. 
Table XLII gives the numbers obtained, together with the expected 
numbers. 

TABLE XLIL 

Case 111 {!), Male hack-crosses. 


bS bs 

4 25 

— 8 

2 18 

2 24 

— 18 

•— ■ ■ 5 

4 30 

— 13 


Total 17 

138 

12 

12 

141 

Expected alternative (1) 

132-6 

18-9 

18*9 

132‘6 


8-6 

4-2 

4*2 

8-6 

Dev./M = 

0-6 

1*6 

1-6 

10 

Expected alternative (2) 

138'9 

12-6 

12*6 

138-9 


8-7 

3-5 

3-5 

8-7 

Dev./Jf^ 

0-1 

0-2 

0*2 

0-3 




Again, both alternatives are possible, although the second one in this 
case seems to be more in agreement with the actual numbers. In diploids 
the male linkage is expressed by the gametic ratio 7 : 1, or 12*5 per cent, 
of cross-overs. Alternative (2) would give an apparent change of the cross- 
over percentage to 8*2. The actual numbers in Table XLII give a cross- 
over percentage of 7*9, a result which goes in favour of the second 
alternative. 


No. of 


^ BSbs 
* * bs bs 


Family 

plants tested 


Bs 

56-14 

1. 

13 

2 

85-15 

1 

8 

2 

69-16 

4 

19 

1 

137-16 

5 

27 



56-16 

1 

18 



114-24 

1 

8 

■ 

152-26 

2 

32 

5 

153-26 

2 

13 

2 
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Summing up, one must admit that both tables may be interpreted in 
different ways. Both kinds of back-crosses, however, suggest that as 
regards the piece carrying the genes B and S, little or no interchange 
takes place between the chromosomes coming from same parent. 

Another explanation would be to suppose a general strengthening of 
the linkage in tetraploids. But this suggestion is not supported by the 
result earlier reported (see Table XXX). 

Casein. 

Ab aB _ ^ . 

( 2 ) _ ^ i wo dominants. 

' ' ab ab 

Further information concerning the questions discussed above should 
be obtainable from this arrangement of the genes. A theoretical consider- 
ation will show that in this case one ought to have a far better chance of 
arriving at a definite conclusion. 

Agam there are three possible ways of pairing between the four 
chromosomes in question. Pairing between chromosomes from opposite 
parents will here give all four classes of gametes in equal numbers; 
crossing-over, if such takes place, canjiave no visible effect upon the 
gametic ratio. The crucial pairing will, in this case, be the one between 
chromosomes from same parent. In cas§ of no crossing-over as before 
only two classes of gametes are founds whereas otherwise four classes 
will appear. 

Let us again consider the three alternatives dealt with in case III (1). 

1. Crossing-over takes place between any two of the four homologous 
chromosomes, regardless of which way they entered the plant. 

If the strength of the linkage is expressed by the gametic ratio 1 : aj, 
the three possible pairings of the chromosomes will result in the following 
gametes: 

(1) (ir+l)AB+ (x+l)Ah+ (aj-}-l)aB+ (ir+l)ab 

(2) (x+ljAB-j- (a?+ 1) Ab+ (a?+ l)aB~f^^^^^ 

(3) 2AB + 2xAh + 2xaB + 2ab ■ 

{x + 2) AB + {2x + 1) Ab + (2cr + 1) aB + {o^ -h 2) ab 

(1) and (2) represent, as before, pairings of chromosomes from opposite 
parents, (3) pairings of chromosomes from same parent. The total number 
of gametes is in each of the three cases ix -f 4. Back-crossings will, in 
this case, give an apparent lowering of the linkage value. 

2. Crossing-over only between chromosomes from opposite parents. 
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Tlie formation, of gametes will liere take place according to the following 
scheme: 

(1) AB + Ab + aB + ab 

(2) AB -h Ab + aB + ab 

(3) 2Ab + 2aB 

AB + 2Ab 4- 2aB + ab 


In this case the effect of linkage has been completely eliminated. 
Eegardless of the strength of the linkage between the two genes, the two 
middle classes will always be twice as big as the outer classes. 

Owing to this striking phenomenon it ought to be easy to decide be- 
tween alternatives (1 ) and (2) or more correctly to decide whether crossing- 
over takes place between the chromosomes coming from same parent or 
not. The difference between the two alternatives is most pronounced for 
small linkages. The stronger the linkage the more the two alternatives 
will approach each other, the range of variation being between near 
equality and the ratio 1 : 2 between the classes. 

From these considerations we may once more turn to the experiments. 

The above genotype was produced by crossing plants carrying both 
dominants with double recessives. It is not possible to tell beforehand 
whether the dominant genes will be in the same or in separate chromo- 
somes. Even if the genes entered the plants from different sides their 
arrangements might easily be changed by crossing-over. The genot 3 q)es 
III (1) and III (2) are, however, easily distinguishable from back-crosses. 

No plant of the type containing B and S together has been obtained. 
The reason for this is that these genes originally entered the experiments 
in the same chromosome; with a comparatively strong linkage like this 


there is only a small chance of getting the genotype wanted. This 
is, however, of small importance because, as already mentioned, the 
stronger the linkage the more difficult it is to distinguish between the two 


alternatives. 

Gb gB 

^ . Male and female back-crosses. Plants of this type are given 
in Tables XLIII and XLIV. 

The higV crossing-over percentage existing between these two genes 
makes this combination an excellent opportunity for judging between 
the different alternatives, i,e. for deciding whether crossing-over takes 
place between chromosomes coming from the same parent or not. 

In Table XLIII there is an excess of plants with green stigma. In 
calculating the expected numbers, therefore, plants with green and red 
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stigmas have been treated separately. The table proves convincingly that 
crossing-over has taken place between the chromosomes Gb and gB; 
otherwise the middle classes would have been twice as numerous as the 
outer classes. Moreover, the agreement with expected numbers is very 
striking, indicating that the linkage value is of the same order in tetra- 
ploids as in diploids. , 


TABLE XLIIL 

Case III (2). Female hack-crosses. 




GhgB ^ 






gh gh 





No. of 






Family 

plants tested 

GB 

Gb 


gB 

gb 

95-15 

1 

4 

3 


4 

4 

153-26 

1 

4 

5 


5 

3 

156-26 

4 

39 

57 


46 

35 

Total 

6 

47, 

65 


55 

42 

Expected 

on a 2*2 : 1 basis 

49-0 

63-0 


54-6 

424 


M = 

6-0 

6-6 


6-6 

5-6 


Dev./if = 

0-3 

0*3 


04 

01 



TABLE XLIV. 





Case III (2). 

Mah hack-crosses. 













^ gb gb * 





No. of 



** 



Family 

plants tested 

GB 

Gb 


gB 

gb 

56-16 

1 

9 

8 


8 

10 

153-26 

1 

4 

7 


6 

3 

156-26 

1 

3 

2 


2 

1 

Total 

3 

16 

17 


16 

14 

Expected on a 1*9 : 1 basis 

14-1 

174 


17 4 

144 


M = 

3-3 

3*5 


3-5 

3-3 


I)ev./l/= 

0-6 

0*1 


04 

0-0 


The male back-crosses, although presenting very small numbers, 
strongly support the above conclusion, both as regards an interchange 
between chromosomes from the same parent, and the stability of the 
crossing-over value. 

As in the foregoing case, we are here dealing with a low 
gs gs . ' ■■ ^ ■ 

linkage, green stigma (G) and short-style (S) lying even further apart 
than B and S. Back-crossing plants of this type leads to the same result. 
Apparently crossing-over takes place between chromosonies from the 
same parent, and the linkage value^ust be somewhere near, or the same 
as that found in diploids. 
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Altogetlier tliese last experinaeats (case III (2)) prove that, as regards 
the linkages B-G and G-S, crossing-over takes place between chromo- 
somes originating from the same parent. The experiments also point to 
a stability in the crossing-over value. 

TABLE XLV. 

Case III (2). Female baeh-crohes. 

Gs gS 


No. of 


gs gs 


Xg4S4- 


Eamily 

plants tested 

GS 

Gs 

gS 

gs 

153-26 

1 

4 

5 

5 ■■ 

3 

156-26 

4 

41 

55 

45 

36 

Total 

5 

45 

60 

50 

39 

Expected on a 2 ; 1 basis 

46-7 

58*3 

49*5 

39*5 

r 

iU = 

5-9 

6*4 

6*1 

5*6 


Dev./-M = 

0*3 

0*3 

0*1 

0*1 



TABLE XLVI. 




Case in (2). 

Male back-crosses. 






GsgS 





^4^4 







gs gs 




No. of 





Family 

plants tested 

GS . 

• Gs 

gs 

gs 

56-16 

1 

9 

8 

9 

10 

153-26 

1 

3 ^ 

8 

5 

4 

156-26 

1 

3 

2 

2 

1 

Total 

3 7 

15 

18 

16 

15 

Expected on a 1*5 : 1 basis 

14*9 

171 

17*1 

14*9 


J4' = 

3*4 

3*5 

3*5 

3*4 


Eev./iU = 

0-0 

0*3 

0*3 

0-0 


Double crossing-over. 

In some of tlxe experiments related above all three genes S, B and G 
were involved. From these cases I have tried to solve the question of 
double cross-over in tetraploids. Obviously three pairs of genes may be 
distributed among four homologous chromosomes in a great many 
different ways, the situation being far more complicated than when only 
two pairs of genes are present. I have thought it unnecessary to enter 
into a discussion of all the different possibilities, because only a very few 
of them are present in these experiments. Actually only one of them 
proved to be of any interest, and this alone will be treated in detail. 

The order of the three genes in question is (S-B-G) in the chromo- 
somes of a diploid plant, the distance S-B being, as mentioned before, 
comparatively short (7 or 12 per centr), while the B-G distance is longer 
(ca. 33 per cent.). The only object of the following analysis has been to 
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examine whether double cross-over happens in tetraploids or not. The 
material is, at present, far too small for solving questions such as 
interference, or other problems in connection with double cross-over. 


iS-BG" sbG 

sbg sbg ■ gejiotype, which is present in some of the 

experiments, will form gametes after the following scheme. 

Pairing between chromosomes from opposite parents will give: 



Non-cross -overs 

A. 

0- 

-1 

V . 

1- 

A 

■2 

0-1-2 


SBG 

sbg 

'sbg 

sBg' 

SBg 

sbG^ 

r ' 

SbG sBg 

sbG 

SBG 

sbG 

SbG 

sBG 

SBG 

sbG 

SbG sBG 

sbg 

SBG 

sbg 

Sbg 

sBG 

SBg 

sbG 

SbG sBg 


denoting the loci of S, B and G respectively as 0, 1 and 2. 
That is, gametes ; 


SBG. Consisting of 2 non-cross-over classes + 1 (1-2) cross-over class, 
sbg. A pure non- cross-over class. 
gSbg. A pure 0-1 cross-over class. 
sBG. 2 (0-1) -i- (0-1-2). 

SBg. A pure 1-2 cross-over class. 

sbG. 1 non-cross-over class +2 (1-2) cross-over classes. 

SbG. (0-1) +2 (0-1-2). 

sBg. A pure 0-1-2 double cross-over iclass. 

Pairing between chromosomes from tiie same parent will give: 

Non-cross-overs 0-1 1-2 ^ 0-1-2 

^ ^ A A ^ 

SBG sbG SbG sBG SBG sbG SbG sBG 

that is : 

SBG. Consisting of 1 non-cross-over class -I- 1 (1-2) cross-over class. 
sBG. (0-1) +(0-1-2). 

sbG. 1 non-cross-over class + 1 (1-2) cross-over class. 

SbG. (0-1) +(0-1-2). 

The other four classes are here missing. We see that, in this case, 
1-2 cross-overs are not distinguishable from non-cross-overs, and double 
cross-overs cannot be distinguished from 0-1 cross-overs. 

If these are added to the foregoing we get the classes of gametes 
consisting of: 

SBG. 3 non-cross-over classes +2 (1-2) cross-over classes, 
sbg. A pure non-crosS‘Over class, 

Sbg. A pure 0-1 cross-over class, ^ 

sBG. 3 (0-1) +2 (0-1-2). 

SBg. A pure 1-2 cross-over class, [ ^ ^ ^ ^ ^ 

sbG. 2 non-cross-over classes + 3 ( V-2) cross-over classes. 

SbG. 2 (0-1) + 3 (0-1-2). 

sBg. A pure 0-1-2 double cross-over class. 
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Table XL VII shows the numbers obtained from back-crossing plants 
of this type. Male and female sides have not been separated. 

TABLE XLVII. 

Male and female hack-crosses from plants of the above genotype, showing 
the existence of double cross-over in tetr aphids. 


SBG sbG , , ' 

= — back-crossed. 

sbg sbg 



No. of 

Non-cross- 

•overs 


0-1 


1-2 

0-1-2 



A 



A 


A 

.A.- 


picbll bS 

r 


{ 

^ 

r " 

SBg 

f \ 

J’amily 

tested 

SBG 

sbg 

Sbg 

sBG 

sbG 

SbG sBg 

56-14 

1 

10 

7 

2 

■ 2 

18 

3 

■ 2 , 

185-15 

1 

16 

2 

1 

2 

14 

1 

— . , , — 

152-26 

2 

no 

22 

— 

10 

77 

5 

9 1 

Total 

4 

136 

31 

3 

14 

109 

9 

11 1 

Expected 

111 

31 

3 

11 

89 

9 

9 1 


First of all we note tliat one important plant of the class sBg has 
appeared. The sBg class is a pure double cross-over class; this oUe plant 
therefore proves that a double cross-over has taken place between chro- 
mosomes coming from opposite parents. Hhappens that this is the only 
plant in the whole material of this kind. 

Calculation of expected numbers has, in this case, been based upon 
the theoretically pure classes, sbg, Sbg, SBg and sBg. Assuming that 
these classes come approximately correct the other classes have then 
been calculated after the scheme given above. Table XLVII shows that 
the compound classes SBG, sBG, sbG and SbG came fairly near to 
expectation; the excess of G accounts for the discrepancy in expectation 
for SBG and sbG, the ratio G : g being nearly 6 : 1 instead of 5 : 1. 
Two more cases with plants containing all three genes were present 

BB^ sbG* 

in the experiments. One was a plant of the genotype - ; in this 

case all the classes of gametes will, however, be of compound nature 

and, therefore, not of much interest. The second case, of the genotype 

SBg sBg 

sbG SbG’ double cross-over classes, ought to come pure; this 

class did not, however, appear among the relative few numbers obtained 
from back-crossing, and I have, therefore, not thought it worth while to 
analyse this ca^e before greater numbers are available. 

These experiments on linkage in a tetraploid plant have led to the 
result that an interchange may tak:e place between all the four homo- 
logous chromosomes, both between those coming from opposite parents 
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and between those coming from the same parent. Eurther, it was found 
that double crossing-over may occur between chromosomes coming from 
opposite parents; more data are wanted for elucidating the question 
whether double crossing-over may also occur between chromosomes from 
the same parent. 

The results here arrived at agree with what is found in triploid races 
of DfosopMla melanogaster. L. V. Morgan (1925) finds that, in triploid 
females having two attached Z-chromosomes, crossing-over may take 
place between the attached Z’s and the free Z ; further, that crossing-over 
also takes place between the attached X's inter se, i.e. between chromo- 
somes coming from the same parent. 

Bridges (1925) arrived at similar conclusions from a study of triploid 
females with tmattached Z’s. Here, again, crossing-over may take place 
between any two of the three chromosomes. Double cross-overs also 
took place, and he further succeeded in proving that crossing-over can 
take place simultaneously between all three chromosomes; that is, one 
cross-over may take place between two chromosomes, while at the same 
time a second cross-over take place between one of these and the 
third chromosome. This he thinks proves that synapsis generally involves 
all three Z’s. In Primula this point wants further investigation; at 
present cytological evidence, as wiU be shown presently, appears not to 
contradict such a supposition. Concerning the percentage of crossing- 
over Bridges finds in his triploid race that, in one part of the Z-chromo- 
somes, the percentage of crossing-over is twice as high as in the diploid 
controls, while in another part of the chromosomes it is only one-half 
as high. 

Another point of interest is that these experiments on linkage in a 
tetraploid form give a second and conclusive proof that the four homo- 
logous chromosomes pair at random, regardless of the way in which they 
entered the plants. This evidence then supports the conclusion previously 
drawn from the ratios appearing in ^ 2^8 and back-crosses from mono- 
factorial crossings. 

Cytology. 

P. sinensis, and especially its tetraploid form, is not-*a favourable 
object for cytological investigation. The chromosomes are small and 
crowded, and the material does not easily lend itself to fixation. Difierent 
methods of fixation were tried, among them strong and weak Flemming 
and Carnoy’s fluid. The best result was obtained by using the modified 
Flemming solution (60 c.c. 1 per cent, chromic acid, 20 c.c. 2 per cent. 
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osmic acid and 25 c.c, 10 per cent, acetic acid) introduced by tlie late 
W, C. F, Newton, to whom I am greatly indebted for help and advice. 
The sections were then stained in gentian violet after the method of 
Newton (Newton and Darlington, 1929). The meiotic stages reproduced 
on Plate XXIV have all been treated in this way. 

In the following, some of the main features of pollen maturation are 
given. I am hoping in a later communication to give a more detailed 
description of the process. Great stress was laid upon getting clear 
pictures from the diakinetic stages, because, from analogy with other 
tetraploids, it was expected that these would demonstrate the existence 
of the sets of four homologous chromosomes predicted through the 
genetical experiments. It was soon found that diakinetic and metaphase 
stages from the first maturation division were scarce. These stages are 
apparently passed through quickly, while early prophase and pollen 
tetrads are frequently found. The second maturation division also appears 
to last longer and is more easily fixed. 

As already stated, the diploid form of P. sinensis has in its somatic 
cells 12 pairs of chromosomes, while the tetraploid variety has 48 chro- 
mosomes, or 12 sets of four homologous chromosomes. The genetical ex- 
periments related above prove that, as regards five of these sets at any 
rate, the four homologous chronrosomes are distributed at random during 
the maturation divisions. The question arises whether conjugation in 
tetraploids of this kinS. takes place in pairs, or whether all four chromo- 
somes unite during early prophase. 

Cases supporting this last hypothesis were mentioned in the foregoing 
section. L. V. Morgan (1925) and Bridges (1925) succeeded in proving 
that in triploid Drosophila crossing-over may take place simultaneously 
between all three chromosomes; according to the present conception of 
the mechanism of crossing-over this implies pairing of the three chromo- 
somes during prophase. Cytological evidence is given by Newton (1929) ; 
in triploid tulips he found that during prophase three threads lie side by 
side; only pairs of homologous chromosomes were found to associate at 
any particular point, but different pairs associate at different points; the 
possibility of a simultaneous crossing-over is thus afforded. In diaki- 
nesis all three, corresponding chromosomes are either found as trivalents, 
or one of them m^y come to lie entirely free. Similar conditions were 
found by Darlington (1929) in triploid and tetraploid hyacinths. Poly- 
ploid tulips and hyacinths are, however, of unknown origin, and some 
caution must, therefore, be used when parallehng these cases with those 
of Drosophila and Primula. 
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The present material is not good enough for solving the question of 
pairing during early prophase. But the arrangement of the chromosomes 
at diakinesis may give some clue to the answer. Belling and Blakeslee 
(1924) claim to have found that in the tetraploid P. sinensis ^^if several 
hundred well-fixed first metaphases are examined, and compared with 
those of the diploid form, it seems as if the majority of the 48 chromo- 
somes were usually arranged in sets of two pairs each and rarely twelve 
such sets may be counted.^’ My experience does not agree with this 
statement. Pollen mother cells in diakinesis from tetraploid Primula are 
shown in Plate XXIV, figs. 1-5. As seen, quadrivalents are found in most 
of the cells, but as a rule not more than one or two in any one cell. More 
seldom three or four such arrangements may be recognised in one cell. 
The majority of the chromosomes are arranged in bivalents. The mixture 
of quadrivalents and bivalents may be seen from the figures. An arrange- 
ment of the chromosomes in even approximately twelve sets was never 
found. 

The four chromosomes constituting a quadrivalent can be arranged in 
different ways. Most commonly found are figures of eight, but open or 
oval rings may also be found, or the four chromosomes may lie side by 
side after each other (as in Plate XXiy, fig. 9). Some of these configura- 
tions are shown under higher magnification in Plate XXIV, figs. 6-11. 

In other tetraploids similar quadrivalents have been demonstrated. 
Thus, in tetraploid Datura, whose origin is probably analogous to that of 
the tetraploid Primula, Belling and Blakeslee (1924) found that at the 
late prophase and the metaphase of the first division in the pollen mother 
cells, the chromosomes are as a rule arranged in connected sets of four 
each.” ■ 

In the tetraploid Solanum nigrum and S, lycojpersicum, experimentally 
produced and examined by Jorgensen (1928), it appears that conjugation 
of the chromosomes is in most cases normal, but in many of the nuclei a 
few tetrasomes are present, generally arranged in rings or figures of eight. 

It was stated above that, among polyploids of unknown origin, one 
or a few trivalents and quadrivalents are often found in pollen mother 
cells at diakinesis. Such arrangements were found by Xewton and 
Darlington (1929) in tulips and hyacinths; in these cases association 
during early prophase was also demonstrated. From these extremely 
beautiful and accurate cytological investigations one may venture to 
draw a parallel, and advance the hypothesis that when quadrivalents are 
found at diakinesis very likely association of all four chromosomes may 
happen at early prophase. 
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Following upon diakinesis the cliromosomes arrange themselves on 
the spindle. It is doubtful whether the quadruple condition is maintained 
during this stage ; most likely the chromosomes are now arranged in pairs ; 
the chromosomes on the equatorial plates of the first maturation division 
are in the tetraploid Primula too crowded for reliable counts; but more 
than 20 chromosomes may nearly always be counted and the chromo- 
somes are of very even size, which would not be expected if some of them 
were of tetrasomic origin. Another phenomenon was observed during 
this stage; in some of the cells undivided chromosomes could be seen to 
go towards one of the poles, while the rest of the chromosomes were 
still arranged in the equatorial plate. An example of this is shown in 
Plate XXIV, fig. 12, which gives three adjoining cells, two of which are 
normal, while in the third an undivided chromosome is seen to go 
towards one of the poles, 

• The second maturation division follows immediately upon the first. 
Owing to the smaller size the chromosomes are here easier to count. 
Plate XXIV, fig. 13 shows a plate containing the normal number of 24 
chromosomes. As in the first division non-disjunction of chromosomes is 
frequently met with. In Plate XXIV, fig. 14 a group of three is seen to go 
towards one of the poles. These i:jregularities, met with in both matura- 
tion divisions, must result in an unequal distribution of the chromosomes 
among the pollen tetrads. The equatorial plate given in Plate XXIV, 
fig. 14 contains only«21 chromosomes; equatorial plates with less than 
24 chromosomes are, on the whole, frequently found; plates with more 
than 24 chromosomes have so far not been identified ; but many plates 
are difficult to count, and the non-existence of plates with too many 
chromosomes cannot be said to be proved. It has been mentioned earlier 
that the pollen tetrads formed in the tetraploid P. sinensis are very 
regular; in spite of that they will, as the foregoing shows, contain a 
varying number of chromosomes, and this may be one of the reasons for 
the lowered fertility of these plants. 

Non-disjunction of chromosomes during maturation division is re- 
ported by Belling and Blakeslee (1924) to be a regular phenomenon in 
tetraploid Datura] they found that the amount of 23 -f- 25 chromosome 
distribution after reduction division averaged 25 per centr 

Another phenomenon met with in the second division of tetraploid 
Primula is the "^formation of giant cells. One of these is pictured in 
Plate XXIV, fig. 15; the exact number of chromosomes in this cell is 
difficult to settle; it seems, however>to lie between 44 and 48; obviously 
these giant cells originate from the fusion of two spindles. How such a 
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fusion comes about is illustrated in Plate XXIV, figs. 16 and 17; fig. 17 
shows two spindles of the second maturation division in parallel position; 
in fig. 16 a giant cell is formed, and the two equatorial plates from which 
it originated may still be recognised. What happens to these tetraploid 
gametes is so far unknown; possibly they form the giant pollen grains 
described on p. 454. Similar fused plates are described by Jorgensen (1928) 
in an artificially produced triploid form of Solamm nigrum. 

For comparison the diakinesis and metaphase of the maturation 
division in a diploid plant of P. sinensis is given in Plate XXIV, figs. 18-22. 
The cells are seen to be only about half the size, and the chromosomes 
form during diakinesis regular bivalents. The equatorial plates of the 
first division are very regular, and the 12 chromosomes are easily counted. 

Tetraploidy as a eaotor m evolution. 

Tetraploid and polyploid forms kave, in recent years, been subject 
to extensive cytological studies, and these, in connection with the growing 
knowledge on chromosomes numbers in related species, have left small 
doubt as to the significance or chromosome doubling as a factor in evolu- 
tion. The importance of polyploidy for^ the formation of new species has 
lately been discussed in detail by several authors (Jorgensen, 1928; 
Heilborn, 1922; Darlington, 1929, and others); I shall, therefore, here 
restrict myself to a brief mention of the main facts together with a dis- 
cussion of problems specially connected with the present material. 

It is well known that, in several cases, related species may be arranged 
in arithemetical series according to their chromosome numbers; a list of 
chromosome numbers may be found in Harvey (1920) and Tischler (1927) 
for animals and plants respectively. The phenomenon appears to be 
more commonly found in plants than in animals and, according to a 
hypothesis advanced by Muller (1925), this is due to the difl&culty of 
establishing tetraploidy in forms with two sexes; in animals this is the 
more common type of propagation, while most of the higher plants are 
hermaphroditic. 

Chromosome series of this kind at once suggest doubling of chromo- 
somes as a possible step towards the formation of new species. Certain 
phehomena met with in meiosis of several of these polyploid forms in- 
dicate that this doubling is due to a longitudinal splitting of chromosomes, 
comparable to what we have found in P. sinensis; we may recall the facts 
mentioned earlier, that in several ^cases multiple associations of the 
chromosomes, as for instance trivalents and quadrivalents, are found 
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dming diakinesis corresponding to similar arrangements found in tetra- 
ploids of known origin. 

Tke objection may be raised that, in no case wbere doubling of chro- 
mosomes lias taken place under control, has this process resulted in the 
formation of a new species. The tetraploid variety of P. sinensis forms no 
exception to this. It could, however, hardly be expected that a mere 
doubling of chromosomes should produce a new gene complex, which is a 
necessary qualification for a new species. The importance of the doubling 
more likely lies in the opportunities it gives for increasing the number 
of new genes. In the case of P. sinensis one criterion of a new species is, 
however, fulfilled; a new variety has appeared which shows practically 
complete incompatibility to the variety from which it arose; and if a 
cross is obtained the hybrid is absolutely self-sterile. In order to establish 
a new species it is necessary that the new genes appear, and further that 
some change takes place in the chromosomes so that a random assortment 
of the four chromosomes is no longer possible; the tetraploid then will 
behave genetically as a new diploid species. 

There are certaip. phenomena met with in genetics which suggest that 
the process outlined above is just what has happened within certain 
species. I am referring to the phenomenon described as multiple factors. 
If, in the case here studied, a change took place in the chromosomes so 
that chromosomes from opposite parents could only go to opposite poles 
at the reduction division, we should no longer, for the genes studied, expect 
the 35 : 1 ratio and a 5 : 1 ratio from back-crosses; the corresponding 
ratios would now be 15 : 1 in F 2 and 3 : 1 in back-crosses. We have already 
seen that these were the ratios naturally expected by Gregory (1914). 
To a geneticist there is at once something very familiar about these ratios, 
they are, in fact, the ratios known from cases of two pairs of multiple or 
cumulative factors. 

Among the best known cases of multiple factors are those described 
by Nilsson-Ehle (1909) in wheat. Cytological studies in wheat (Kihara, 
1924; Watkins, 1924-9, and others) have now revealed some very in- 
teresting facts. The ordinary edible wheat, Triticum vulgare, is a hexa- 
ploid form. In Triticum three groups have been described, a diploid, a 
tetraploid and a hexaploid, the haploid number of chromosomes being 
7, 14 and 21'"respectively. T. vulgare is supposed to have its origin in a 
cross between a' diploid and a tetraploid species ; the result would be a 
triploid plant which, through doubling of its chromosomes, again would 
give the numbers actually found. If this is true, doubling of chromosomes 
has taken place twice in the evolution of common wheat, first a simple 
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doubling like that described in P. sinmsis, and next a species-crossing 
followed by doubling of the cbromosomes suck as is iomi^hxP. Kewends. 
Tbe appearance of multiple factors could easily be accounted for by 

tHs process. 

It is a question whether all cases of real multiple factors, not to be 
confused with modifying factors, are not due to doubling of chromosomes 
and thereby of genes in one of the ancestors of the species, with lower 
chromosome number. 

Summary. 

1. The present investigation deals with the tetraploid form of P. 
sinensis, its genetics and cytology, together with some observations con- 
cerning its fertility and cross-fertility to the diploid form from which it 
arose. 

2. Tetraploid plants of P. sinensis arise spontaneously in diploid 
familie§. The doubling of the chromosomes is most hkely due to a sus- 
pended mitosis at the first, or at one of the first divisions of the fertilised 
egg. 

3. The fertility of tetraploids is considerably lowered; more flowers 
fail to set, and the average number of seeds per capsule is smaller than in 
diploids. The lowered fertility was found to be partly due to the in- 
compatibility of the illegitimate cross, long x long, a combination which 
happened to be frequently used in the experiments. Another factor 
influencing the fertility of the plants seems to be the smaller power of 
germination of the pollen grains of tetraploids; this may be due to an 
uneven distribution of the chromosomes during maturation divisions, 
as demonstrated in the cytological part. 

4. The cross, tetraploid x diploid, or vice versa, proved to be almost 
completely sterile. During the whole investigation only three triploid 
plants were obtained, although several hundred crosses were tried each 
year. All three triploid plants proved to be completely self-sterile. One 
plant was, however, obtained from the cross, triploid x diploid, and one 
plant from the cross, tetraploid x triploid, the number of chromosomes in 
these plants being 26 and 47 respeGtively. In each successful cross the 
higher number of ehromoson^es entered from the female side. 

5. The genetical experiments included seven different genes, all well 
known in the diploid form, and also known to be distributed among five 
different pairs of chromosomes. The main object of the experiments was 
to settle the question of a random or selected assortment of the four 
homologous chromosomes present in a tetraploid plant of this kind. In 
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six of the cases studied, including four pairs of chromosomes, plants of 
the constitution were found to give a 35 : 1 ^^tio and a ratio of 
6 : 1 in back-crosses, thus strongly supporting the theory that con- 
jugation takes place between the four chromosomes at random. 

Another object was to study the quantitative efiect of the genes when 
present in different doses. Only two of the genes studied showed complete 
dominance, that is, one dose of the dominant gene proved sufficient for 
the manifestation of the character in question. As regards four other 
genes, the heterozygotes were found to be intermediate and mostly 
strongly variable. The seventh gene (Gh) proved so variable in its mani- 
festation as to make classification impossible, and it was accordingly 
excluded from the experiments. 

One of the genes studied, that for “Primrose Queen” eye (q), proved 
to 1)6 of special interest. The gene affects two different parts of the flower, 
namely, the size of the “eye” and the shape of the pistil. It was found 
that, whereas four doses of q are necessary to produce the big eye, three 
doses are sufficient to change the shape of the pistil. 

6. In the diploid form three of the gene^ here studied lie in the same 
chromosome. These genes were found to be linked in tetraploids as well. 
Experiments with plants contaiping these genes in different arrange- 
ments elucidated the fact that crossing-over may take place between any 
two of the four chromosomes, both between chromosomes coming from 
opposite parents and between chromosomes coming from the same 
parent. One ease of double cross-over was found, the interchange in this 
case having taken place between chromosomes from opposite parents. 

7. Cytological studies revealed that during dialdnesis some of the sets 
of four homologous chromosomes may be arranged in quadrivalents. 
Mostly only one or two such quadrivalents are present in any one poUen 
mother cell, the rest of the chromosomes being arranged in bivalents. 
Twelve quadrivalents were never found in any cell. 

Non-disjunction of chromosomes was found to occur during both 
maturation divisions. Giant cells were found to appear in the second 
division. 

8. A short discussion is given on the significance of tetraploidy in 
evolution, and the possible connection between doubling of chromosomes 
and multiplelactors. 
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EXPLANATION OF PLATES XIX—XXIV. 

Plate XIX. 

Triploid plant from the cross “moss-curl” (tetraploid) x magenta, green stigma, short- 
style (diploid). The plant was magenta, green stigma, long-style, the diploid plant 
being heterozygous in jS. 

Plate XX. 

Fig. 1. Bed, green stigma, short-style (W4G4). 

Fig. 2. Flower with reddish tinge, green stigma, long-style, and 7 petals (W4G4). 

Fig. 3. Bed, red stigma, shOrt-style (^*4^4). 

Fig. 4. Magenta lavender, green stigma, long-style (W1W3). 

Fig. 5. Tinged white with magenta flush, red stigma, long-style (W2W2g4). 

Fig. 6. Pink lavender, green stigma, long-style (WjWa). 

Fig. 7. Bed lavender, red stigma, long-style (WiW3g4). 

All the flowers natural size. 

Plate XXL 

Fig. 1. Tetraploid flower with large eye (“Primrose Queen”) and sinensis shape (q4). 
Natural size. 

Fig. 2. Calyx from flower ofl the same plant as fig. 1, showing the characteristic shape of 
the stigma connected with the large eye (qd. x I J. 

Fig. 3. Calyx and stigma from a large-eyed plant with stellata flower. The style slightly 
longer (q4).^xl|. 

Fig, 4. Homostyled flower with normal eye (Qiqs). Natural size. 

Fig. 5. Side-view of flower from the same plant as fig. 4, showing the position of the 
anthers. Natural size. 

Fig. 6. Calyx and style of a normal long-styled flower (Q4). x IJ. 

Fig. 7. Style and stigma of homostyled flower (Qiqa). x 14. 

Fig. 8. Stigma of the heterozygous type (02q2). x 1 J. 
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platb xxn. 

, 1 and 2. Fern leaf. 

Fig. 3. ' Palmate leal 

Figs. 4-6. Diiferent phenotypes of the PjPg genotype. 




Plate XXIII. 

Tetraplold plant heterozygolis in fern leaf (PiPg), showing the intermediate leaf type. 


Plate XXIV. 

Figs. 1-5. Pollen mother cells from tetraploid P. sinensis during diakinesis, showing 
quadrivalents and bivalents in the same cell. 

Figs, 6-11. Different tetrasomic arrangements. 

Fig. 12. .Metaphases of the first maturatioh division with one cell, showing ir^ular 
distribution of the chromosomes (non-disjunction). 

Fig, 13. Equatorial plate from the second maturation division. , 

Fig. 14. &on-disj unction of chromosomes during the metaphase of the second division. 
Fig. 15. 1 Giant equatorial plate from the second division. 

Fig. 16. * Giant plate formed through fusing of two cells. ^ 

Fig. I?."® Two equatorial plates from the second division lying in the same plane. 

Figs. 18-20. Diakinesis from diploid plant. 

Fig. 21, Equatorial plate from m<y}aphase of first division in a diploid plant. 

Fi . 22. Spindle from the first division of a diploid plant. 
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